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LLL

3UHIDFH
7KLV GLVVHUWDWLRQ KDV EHHQ VXEPLWWHG WR WKH 1RUZHJLDQ 8QLYHUVLW\ RI 6FLHQFH DQG
7HFKQRORJ\1718LQSDUWLDOIXOILOPHQWRIWKHUHTXLUHPHQWVIRUWKHDFDGHPLFGHJUHH
3KLORVRSKLDH'RFWRU
7KH GRFWRUDO VWXGLHVZHUH SHUIRUPHG DW WKH ,QRUJDQLF0DWHULDOV DQG&HUDPLFV5H
VHDUFK*URXS'HSDUWPHQWRI0DWHULDOV6FLHQFHDQG(QJLQHHULQJ17187URQGKHLP
XQGHUVXSHUYLVLRQRI$VVRFLDWH3URIHVVRU)ULGH9XOOXP%UXHUDQG3URIHVVRU$QQ0DUL
6YHQVVRQ7KHSURMHFWKDVEHHQIXQGHGE\WKHUHVHDUFKFRXQFLORI1RUZD\6LOLFDW%DWW
SURMHFWJUDQWQXPEHU(


1LOV3:DJQHU
7URQGKHLPWKRI-DQXDU\
 
LY

 
Y

$FNQRZOHGJHPHQWV
6HYHUDOSHRSOHGHVHUYHDFNQRZOHGJHPHQW IRU VXSSRUWLQJDQGHQFRXUDJLQJPHGXULQJ
WKHODVWWKUHH\HDUVDQG,ZRXOGOLNHWRWDNHWKLVRSSRUWXQLW\WRH[SUHVVP\VLQFHUH
JUDWLWXGHWRDOOZKRKDYHLQRQHZD\RUDQRWKHUVXSSRUWHGPHGXULQJWKHWLPHRIP\
3K'VWXGLHV
)LUVWDQGIRUHPRVW,ZRXOGOLNHWRWKDQNP\VXSHUYLVRU)ULGH9XOOXP%UXHUIRUWKH
H[FHOOHQW VXSSRUW JXLGDQFHDQG LQSXWGXULQJP\3K' VWXGLHV ,ZRXOGDOVR OLNH WR
WKDQNP\FRVXSHUYLVRU$QQ0DUL6YHQVVRQIRUKHUJXLGDQFHDQGFRQWULEXWLRQHVSH
FLDOO\FRQFHUQLQJHOHFWURFKHPLFDOFKDUDFWHULVDWLRQPHWKRGV$OVRGHVHUYLQJRIPHQWLRQ
KHUHDUH3HU(ULN9XOOXPDQG0DJQXV1RUGIRU7(0((/6DQDO\VLVDQGWKHLULQYDO
XDEOHFRQWULEXWLRQWRWKHGLVFXVVLRQRIWKHUHVXOWV7KDQN\RXYHU\PXFK
7KH5HVHDUFK&RXQFLORI1RUZD\LVDFNQRZOHGJHGIRUILQDQFLQJWKHّ6LOLFDW%DWWْSUR
MHFW
)XUWKHUPRUH,ZRXOGOLNHWRH[SUHVVDSSUHFLDWLRQWRWKH6,17()FROOHDJXHVLQYROYHG
LQ WKH ّ6LOLFDW%DWWْ SURMHFW QDPHO\ 7RPP\0RNNHOERVW $QLWD )RVVGDO .DXVKLN
-D\DVD\HH6LGVHO0HOL+DQHWKRDQG(GHO6KHULGDQ7RWKHVDPHHIIHFW,ZRXOGOLNH
WR WKDQN WKH RWKHUPHPEHUV RI WKH ,07EDWWHU\ JURXS;LQ]KL &KHQ0XKDPPDG
+DVDQX]]DPDQ/X:DQJ3HL1D.XLDQG0DJQXV%HQW]HQ)ºOVWDG,WZDVDSOHDV
XUHWRZRUNZLWK\RX
,WDOVRZDVDQGVWLOOLVYHU\LQVSLULQJWRVXSHUYLVHWKHPDVWHUH[FKDQJHVWXGHQWV$Q
WRLQH'DORG-XOLHQ&ODTXHVLQDQG9\DFKHVODY/RELQWVHY7KDQN\RXYHU\PXFKIRU
\RXUFRQWULEXWLRQWRWKLVZRUNDQGWRWKHEDWWHU\UHVHDUFKDW1718
 
YL

7KHDFDGHPLF WHFKQLFDODQGDGPLQLVWUDWLYHVWDIIRI ,07DUHDFNQRZOHGJHG IRUKHOS
ZKHQHYHUQHHGHG$VSHFLDO WKDQNVJRHV WR-XOLDQ7ROFKDUGDQG.ULVWLQ+º\GDOVYLN
IRUDVVLVWDQFHZLWKLQVLWX;5'PHDVXUHPHQWVDQG5LHWYHOGDQDO\VLV
$WWKLVSRLQW,ZDQWWRWKDQNDOOP\IULHQGVDQGRIILFHPDWHVKHUHLQ7URQGKHLPDQG
P\IULHQGVEDFNKRPHLQ*HUPDQ\<RXPDGHWKLV3K'H[SHULHQFHDQGP\VWD\LQ
7URQGKHLPHQMR\DEOHDQGGHOLJKWIXO
/DVWEXWQRW OHDVW ,KDYH WRH[SUHVVP\GHHSHVWJUDWLWXGHDQGDSSUHFLDWLRQ WRP\
PRWKHUDQGP\HQWLUHIDPLO\EDFNKRPHDQGWRP\ORYHO\DQGFDULQJJLUOIULHQG.DWLH
IRUDOOWKHJRRGWLPHVZHKDGDQGZLOOKDYHDVZHOODVKHUSDWLHQFHDQGVXSSRUWGXU
LQJWKHVWUHVVIXOWLPHVRIILQDOLVLQJWKLVZRUN

 
YLL

6XPPDU\
5HFKDUJHDEOHEDWWHULHVFDQVWRUHHQHUJ\LQWKHIRUPRIFKHPLFDOHQHUJ\DQGIDFLOLWDWH
LW ZLWK D KLJK FRQYHUVLRQ UDWH ZKHQ QHHGHG 0RUHRYHU UHFKDUJHDEOH EDWWHULHV DUH
XVHG LQ DOPRVW DOO NLQGV RI SRUWDEOH FRQVXPHU HOHFWURQLFV K\EULG DQG SXUH HOHFWULF
YHKLFOHV7KXVWKHGHYHORSPHQWRIDGYDQFHGEDWWHU\WHFKQRORJLHVLVDPDMRUILHOGRI
VFLHQWLILFIRFXV/LLRQWHFKQRORJ\KDVEHHQVKRZQWREHVXSHULRUWRRWKHUEDWWHU\FRQ
FHSWV ZLWK UHVSHFW WR HQHUJ\ GHQVLW\ F\FOLQJ VWDELOLW\ VHOIGLVFKDUJH DQG H[SHFWHG
OLIHWLPH$OWHUQDWLYHFDWKRGHPDWHULDOVEDVHGRQSRO\DQLRQLFFRPSRXQGVKDYHDWWUDFW
HG LQWHUHVW VLQFH WKHGLVFRYHU\RI/L)H32DVD VDIHU FDWKRGHPDWHULDO LQDQG
/L)H6L2 DV D QHZ /LEDWWHU\ FDWKRGHPDWHULDO LQ  /LWKLXP WUDQVLWLRQPHWDO
RUWKRVLOLFDWHVZKHUHWKHWUDQVLWLRQPHWDOLVLURQRUPDQJDQHVHDUHSURPLVLQJFDQGL
GDWHVDV FDWKRGHPDWHULDOV VLQFH WKH\FRQVLVW RI FKHDS HQYLURQPHQWDOO\EHQLJQDQG
DEXQGDQWHOHPHQWV7KH6L2EDFNERQHQRWRQO\VWDELOLVHVWKHVWUXFWXUHEXWDOVRUDLV
HVWKHWUDQVLWLRQPHWDOUHGR[FRXSOHWRKLJKHUYROWDJHVE\DQLQGXFWLYHHIIHFW
7KLVFODVVRIPDWHULDOVFRXOGIXUWKHUDOORZ/LH[WUDFWLRQLQVHUWLRQEH\RQGRQH/LLRQ
SHUIRUPXODXQLWLIWKHWUDQVLWLRQPHWDOSRVVHVVHVWZRDYDLODEOHUHGR[FRXSOHVZLWKLQ
WKH VWDELOLW\ OLPLW RI WKH HOHFWURO\WH 7KLV VWXG\ FRQFHUQV WKH LPSURYHPHQW RI WKH
HOHFWURFKHPLFDOSURSHUWLHVRIOLWKLXPWUDQVLWLRQPHWDORUWKRVLOLFDWHV
7KHILUVWSDUW LVGHYRWHGWRWKHGHYHORSPHQWRIDFRQWUROODEOHV\QWKHVLVPHWKRGIRU
QDQRVFDOHG DQG FDUERQ FRDWHG /L0Q6L2 DQG WKH FKDUDFWHULVDWLRQ RI WKH HOHFWUR
FKHPLFDOSURSHUWLHV$39$DVVLVWHG VROJHO URXWHZDVH[SORUHGDQGRSWLPLVHG DQG
WKH LPSRUWDQFH RI WKH FDUERQ FRDWLQJ DQG WKH SRURXV QDQRVWUXFWXUH WR WKH HOHFWUR
FKHPLFDOSURSHUWLHVZDVKLJKOLJKWHG
/L0Q6L2 LV D UDWKHU SRRU HOHFWURQLF DQG LRQLF FRQGXFWRU DQG VXIIHUV IURP VHYHUH
FDSDFLW\ IDGLQJXSRQHOHFWURFKHPLFDO F\FOLQJ7KH VHFRQGSDUWRI WKLVZRUN LQYHVWL
JDWHV LIWKHVHVKRUWFRPLQJVFDQEHPDQLSXODWHGE\WKH LQFRUSRUDWLRQRI IRUHLJQVSH
FLHV YLD VXEVWLWXWLRQ VWXGLHVEDVHGRQ WKH V\QWKHVLVPHWKRGGHYHORSHG LQSDUWRQH
7KHLQYHVWLJDWHGVXEVWLWXHQWVZHUHLURQDQGYDQDGLXP9VXEVWLWXWLRQZDVVKRZQWR
EHHVSHFLDOO\LQWHUHVWLQJDQGVLQFHLWKDVQRWEHHQZHOOXQGHUVWRRGHIIRUWVKDYHEHHQ
PDGHWRH[SORUHWKHIHDVLELOLW\DQGOLPLWDWLRQVRI9VXEVWLWXWLRQDQGWKH LPSDFWRQ
WKHHOHFWURFKHPLFDOSURSHUWLHVRI/L0Q6L2,WZDVVKRZQWKDWWKHVROLGVROXELOLW\RI
9RQ0QVLWHVLVYHU\OLPLWHGDQGWKHLQWHQGHGVXEVWLWXWLRQFDXVHVSKDVHVHSDUDWLRQ
LQWR9FRQWDLQLQJVSLQHOSKDVHV2QWKHRWKHUKDQGZKHQLQWHQGHGWRUHSODFH6L9
HQWHUHGWKHVWUXFWXUHZLWKRXWVXFKSKDVHVHSDUDWLRQ7KHVWUXFWXUHZDVKLJKO\GHIHF
YLLL

WLYHEXWKDGLPSURYHGFKDUJHWUDQVIHUUHVLVWDQFHDQG/LGLIIXVLRQ)XUWKHUPRUHDGGL
WLRQDOUHGR[DFWLYLW\DWWULEXWDEOHWR9ZDVUHFRUGHG7KHGRZQVLGHZDVWKDW9UDWKHU
UHSODFHV6LDQGKHQFHVKRZHGQRLQIOXHQFHRQWKHSRRUVWDELOLW\XSRQF\FOLQJZKLFKLV
FDXVHGE\WHWUDKHGUDOO\FRRUGLQDWHG0Q
7KHODVWSDUWRIWKLVSURMHFWZDVGHGLFDWHGWRH[SORULQJWKHSRVVLELOLW\RIDVFDODEOH
DQGWLPHHIILFLHQWURXWHDOORZLQJWKHV\QWKHVLVRIQDQRVFDOHGOLWKLXPWUDQVLWLRQPHWDO
RUWKRVLOLFDWHV $V D ILUVW QRYHO DSSURDFK /L06L2 FRPSRXQGV ZHUH V\QWKHVLVHG E\
OLTXLGIHHGIODPHVSUD\S\URO\VLVFRPELQHGZLWKDUHGXFLQJKHDWWUHDWPHQWDQGFDU
ERQFRDWLQJ7KHLPSRUWDQFHRIDKLJKO\FRPEXVWLEOHVROXWLRQDQGWKHLQIOXHQFHRIWKH
SUHFXUVRU FRQFHQWUDWLRQ DUH GLVFXVVHG 6\QWKHVLVHG /L0Q6L2 DQG /L)H6L2 ZHUH
KLJKO\HOHFWURFKHPLFDODFWLYH7KHIRUPHUVKRZHGFDSDFLWLHVH[FHHGLQJWKHYDOXHRID
RQHHOHFWURQUHDFWLRQZKLOHWKHODWWHURIIHUHGDVXSHULRUUDWHSHUIRUPDQFHDQGUHWDLQHG
RYHURILWVLQLWLDOFDSDFLW\ZKHQWKHFXUUHQWGHQVLW\ZDVLQFUHDVHGE\DIDFWRURI

 
L[
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[L

6FLHQWLILF3DSHUV
, (IIHFWRIFDUERQFRQWHQWDQGDQQHDOLQJDWPRVSKHUHRQSKDVHSXULW\DQGPRU
SKRORJ\RI/L0Q6L2V\QWKHVL]HGE\D39$DVVLVWHGVROيJHOPHWKRG 
,, )HDQG96XEVWLWXWHG/L0Q6L2&DV3RWHQWLDO&DWKRGH0DWHULDOIRU/LLRQ
%DWWHULHV          
,,, 2Q9DQDGLXP6XEVWLWXWLRQLQ/L0Q6L2&DV3RVLWLYH(OHFWURGHIRU/LLRQ
%DWWHULHV          
,9 /LTXLG)HHG)ODPH6SUD\3\URO\VLVDV$OWHUQDWLYH6\QWKHVLVIRU(OHFWURFKHPL
FDOO\$FWLYH1DQRVL]HG/L0Q6L2      
9 )ODPHPDGH/LWKLXP7UDQVLWLRQ0HWDO2UWKRVLOLFDWHV    
$SSHQGL[
$ 6XSSRUWLQJ0DWHULDO3DSHU,       
% 6XSSRUWLQJ0DWHULDO3DSHU,9       



 
[LL

 
[LLL

7KHDXWKRUחVFRQWULEXWLRQ
7KHDXWKRUZURWHDQGSHUIRUPHGDOOH[SHULPHQWDOZRUNSUHVHQWHGLQ3DSHU,9DQG
WKLVGLVVHUWDWLRQH[FHSWIRUWKHIROORZLQJSDUWV7KHV\QWKHVLVDQGSK\VLFDOFKDUDFWHU
LVDWLRQRI/L0Q[)H[6L2[ZDVSHUIRUPHGE\$QWRLQH50'DORGGXU
LQJKLVPDVWHUSURMHFWXQGHUVXSHUYLVLRQRIWKHDXWKRU7(0DQG('6((/6DQDO\VLV
SUHVHQWHG LQ3DSHU , ,,, DQG ,9ZDVSHUIRUPHGE\'U3HU(ULN9XOOXP6,17()
0DWHULDOV DQG FKHPLVWU\ ((/6 VSHFWUDZHUH FRUUHFWHG E\0DJQXV.ULVWRIHU1RUG
'HSDUWPHQWRI3K\VLFV1718&KDUDFWHULVDWLRQDQGLQWHUSUHWDWLRQRIWKH((/6UH
VXOWVSUHVHQWHGLQ3DSHU,,,ZDVDMRLQWHIIRUWRIWKHDXWKRU'U3HU(ULN9XOOXPDQG
0DJQXV.ULVWRIHU1RUG
7KHIROORZLQJVFLHQWLILFSDSHUVDUHLQFOXGHGLQWKLVGLVVHUWDWLRQ
3DSHU, 1:DJQHU$06YHQVVRQ)9XOOXP%UXHUّ(IIHFWRIFDUERQFRQWHQW
DQG DQQHDOLQJ DWPRVSKHUH RQ SKDVH SXULW\ DQG PRUSKRORJ\ RI
/L0Q6L2V\QWKHVL]HGE\D39$DVVLVWHGVROӮJHOPHWKRGӶ6ROLG6WDWH
,RQLFV
3DSHU,, 1:DJQHU $ 'DORG $0 6YHQVVRQ ) 9XOOXP%UXHU ӵ)H DQG 9
6XEVWLWXWHG/L0Q6L2&DV3RWHQWLDO&DWKRGH0DWHULDOIRU/LLRQ%DW
WHULHVӶ(&67UDQVDFWLRQV
3DSHU,,, 13:DJQHU3(9XOOXP0.1RUG$06YHQVVRQ)9XOOXP
%UXHU ӵ2Q9DQDGLXP 6XEVWLWXWLRQ LQ /L0Q6L2& DV 3RVLWLYH (OHF
WURGHIRU/LLRQ%DWWHULHVӶ
3DSHU,9 13:DJQHU$06YHQVVRQ)9XOOXP%UXHU ӵ/LTXLG)HHG)ODPH
6SUD\ 3\URO\VLV DV $OWHUQDWLYH 6\QWKHVLV IRU (OHFWURFKHPLFDOO\ $FWLYH
1DQRVL]HG/L0Q6L2Ӷ
3DSHU9 13:DJQHU$06YHQVVRQ)9XOOXP%UXHUӵ)ODPHPDGH/LWKLXP
7UDQVLWLRQ0HWDO2UWKRVLOLFDWHVӶ
 
[LY



&KDSWHU,QWURGXFWLRQ


 ,QWURGXFWLRQ
0RWLYDWLRQ
7KHZRUOGَVHQHUJ\QHHGVDQGHQHUJ\FRQVXPSWLRQDUHFRQVWDQWO\LQFUHDVLQJ$WWKH
VDPHWLPHPRGHUQVRFLHW\ LVPRUHDZDUHRIWKHYDVW LQFUHDVH LQ&2HPLVVLRQVDQG
HQYLURQPHQWDOSROOXWLRQ FDXVHGE\FODVVLFDO HQHUJ\SURGXFWLRQ7RPLQLPLVH WKH UH
VXOWLQJ JUHHQKRXVH HIIHFW IXWXUH HQHUJ\ VXSSOLHV PXVW EH HQYLURQPHQWDOO\ IULHQGO\
DQGFDXVHDPLQLPXPFDUERQIRRWSULQW+HQFHHQHUJ\SURGXFWLRQPXVWEHFRPHLQGH
SHQGHQWIURPFUXGHRLODQG1XFOHDU3RZHU(QYLURQPHQWDOO\IULHQGO\UHQHZDEOHHQHU
J\FDQEHSURGXFHGLQVHYHUDOZD\VIRUH[DPSOHZLQGHQHUJ\WLGDOHQHUJ\RUE\SKR
WRYROWDLFGHYLFHV6LQFHDOOWKHVHIRUPVRIHQHUJ\SURGXFWLRQDUHGLVFRQWLQXRXVWKH\
QHHGWREHOLQNHGWRHQHUJ\VWRUDJHGHYLFHV5HFKDUJHDEOHEDWWHULHVFDQVWRUHWKLVHQ
HUJ\LQWKHIRUPRIFKHPLFDOHQHUJ\DQGIDFLOLWDWHLWZLWKDKLJKFRQYHUVLRQUDWHZKHQ
QHHGHG )XUWKHU WKHPDUNHWV IRU HOHFWURQLF YHKLFOHV (9َV DQG SRUWDEOH FRQVXPHU
HOHFWURQLFVDUHFRQVWDQWO\JURZLQJDQGWKHVHGHPDQGUHFKDUJHDEOHEDWWHU\WHFKQROR
JLHVZLWKHYHUKLJKHUHIILFLHQFLHV
,WWDNHVMXVWDTXLFNJODQFHLQWRDFKHPLFDOGDWDERRNWRXQGHUVWDQGWKDWOLWKLXPLV
RQHRIWKHOLJKWHVWHOHPHQWVDQGRIIHUVDKLJKHOHFWURGHSRWHQWLDORI9YHUVXVWKH
VWDQGDUGK\GURJHQHOHFWURGH7KLVFRPELQDWLRQRIORZZHLJKWDQGDKLJKSRWHQWLDO
JLYHVULVHIRUHOHYDWHGSRZHUDQGVSHFLILFHQHUJ\,QIDFWUHVHDUFKFRQFHUQLQJ/LEDVHG
EDWWHULHVVWDUWHGLQWKHVDQGDWSUHVHQWUHFKDUJHDEOHEDWWHULHVEDVHGRQ/LLRQV
RXWSHUIRUPDOORWKHUFRPPHUFLDOO\DYDLODEOHEDWWHU\FRQFHSWVZLWKUHVSHFWWRVSHFLILF
HQHUJ\HQHUJ\GHQVLW\SHUYROXPHF\FOLQJVWDELOLW\VHOIGLVFKDUJHDQGH[SHFWHGOLIH
WLPH
(DUO\/LEDWWHULHVZHUHUHVWULFWHGWRSULPDU\QRQUHFKDUJHDEOHFRQFHSWVVLQFHGHQ
GULWLFJURZWKRISODWHG/LRQWKHDQRGHVLGHFDXVHGVHYHUHVDIHW\LVVXHV7KHGLVFRYHU\
RI UHYHUVLEOH LQWHUFDODWLRQ RI /L LQ FDUERQDFHRXVPDWHULDOV DW ORZ SRWHQWLDOV VROYHG
WKLV SUREOHP DQG LQ  6RQ\ &RUSRUDWLRQ FRPPHUFLDOLVHG WKH SHWUROHXP
FRNH/L&R2/LLRQFHOOي$VWKHQDPHLPSOLHVWKH/LLRQEDWWHU\FRQFHSWRPLWV/L
LQ LWV PHWDOOLF IRUP ,Q PRGHUQ /LLRQ EDWWHULHV SHWUROHXP FRNH LV VXEVWLWXWHG E\
JUDSKLWHZKLFKRIIHUVDQLQFUHDVHGFDSDFLW\UDQJLQJIURPP$KJ+RZHYHU
&KDSWHU,QWURGXFWLRQ


PRVW/LLRQEDWWHULHVDUHVWLOOHTXLSSHGZLWK/L&R2FDWKRGHVيILUVWUHSRUWHGE\
-%*RRGHQRXJKDQGFRZRUNHUVLQZKLFKGHOLYHUDPRGHVWVSHFLILFFDSDFLW\RI
DERXWP$KJDQGKDYHVRPHPDMRUVDIHW\DQGSULFLQJLVVXHV
,WZDVDOVR-%*RRGHQRXJKQRZOHDGLQJDGLIIHUHQWUHVHDUFKJURXSZKRILUVWUH
SRUWHGWKHSKRVSKRRYOLQH/L)H32DVDSRWHQWLDOQHZFDWKRGHPDWHULDOVROYLQJVDIH
W\DQGFRVWLVVXHVLQ7KHSKRVSKRROLYLQHLVEDVHGRQDPXFKPRUHDEXQGDQW
DQGQRQWR[LFWUDQVLWLRQPHWDOLURQGHOLYHULQJDQLQFUHDVHGVSHFLILFFDSDFLW\RIDERXW
P$KJDQGLVXVHGDVFDWKRGHIRU/LLRQEDWWHULHVLQ(9V7KHGLVFRYHU\DOVR
RIIHUHGLQWHUHVWLQJSRVVLELOLWLHVLQWKHVHDUFKIRUQHZDOWHUQDWLYHFDWKRGHPDWHULDOVE\
WXQLQJ WKH WUDQVLWLRQ PHWDO UHGR[ FRXSOH E\ WKH LQGXFWLYH HIIHFW RI WKH SRO\DQLRQ
JURXS,Q1\W«QHWDOLQWURGXFHG/L)H6L2DVDSRWHQWLDOFDWKRGHPDWHULDODQG
RQO\D\HDUODWHU'RPLQNRHWDOUHSRUWHGWKH0QDQDORJXH7KHGLOLWKLXPWUDQ
VLWLRQPHWDORUWKRVLOLFDWHVZKHUHWKHWUDQVLWLRQPHWDO LV)HRU0QJDLQHGDWWHQWLRQ
EHFDXVHWKH\FRQVLVWRIFKHDSDQGQRQWR[LFHOHPHQWVDQGFRXOGWKXVEHDVHULRXVDO
WHUQDWLYHDVORZFRVWHOHFWURGHDVVHHQLQWKHHOHPHQWDEXQGDQFHGLDJUDPVKRZQLQ
)LJXUH

)LJXUH 7KHFKHPLFDOHOHPHQWVחUHODWLYHDEXQGDQFHLQWKHXSSHUHDUWKFUXVW

$GGLWLRQDOO\WKLVFODVVRIPDWHULDOVFRPHVZLWKDOLWKLXPWRWUDQVLWLRQPHWDOUDWLRRI
DQGWKH\FRXOGSRWHQWLDOO\SURYLGHWZR/LLRQVSHUIRUPXODXQLWLIWKHWUDQVLWLRQ
PHWDOSRVVHVVHVWZRDYDLODEOH UHGR[FRXSOHVZLWKLQWKHSRWHQWLDOZLQGRZRI WKHDS
SOLHG HOHFWURO\WH 7KLV OHDGV WR D WKHRUHWLFDO FDSDFLW\ RI DERXW  P$KJ ZKLFK
&KDSWHU,QWURGXFWLRQ


ZRXOGGUDVWLFDOO\GHFUHDVHWKHH[LVWLQJJDSLQFDSDFLW\EHWZHHQWKHFDWKRGHDQGDQ
RGHVLGHRID/LLRQEDWWHU\8QIRUWXQDWHO\/L06L20 0QRU)HDUHLQVXODWRUV
DQGDOVRSRRULRQLFFRQGXFWRUVPDNLQJWKHEXONPDWHULDOXQVXLWDEOHDVDQHOHFWURGH
ي $ IXUWKHU FKDOOHQJH LV WKH VWUXFWXUDO LQVWDELOLW\ XSRQ R[LGDWLRQ RI /L0Q6L2
ZKLFKLVEHOLHYHGWREHWULJJHUHGE\WKH-DKQ7HOOHUDFWLYHLRQ0Q
1RQHWKHOHVVDGYDQFHVLQQDQRVFLHQFHRYHUWKHODVWIHZGHFDGHVKDYHPDGHLWSRVVLEOH
WRWDLORUSDUWLFOHPRUSKRORJLHVWRDOORZIDVWH[FKDQJHRI/LLRQVIURPWKHPDWHULDOWR
WKH HOHFWURO\WH 7KH LQFUHDVHG SHUIRUPDQFH RI WKHVH VWUXFWXUHV LV DFFRPSOLVKHG E\
GUDVWLFDOO\VKRUWHQLQJWKHPHDQGLIIXVLRQ OHQJWKVDQG LQFUHDVLQJWKHVXUIDFHWREXON
UDWLR)XUWKHUWUHPHQGRXVDPRXQWVRINQRZOHGJHKDYHEHHQJDWKHUHGRQFRQGXF
WLYHFRDWLQJVDQGWKHEHQHILFLDOHIIHFWVRIFDWLRQVXEVWLWXWLRQV&RPELQJWKLVJDWK
HUHGNQRZOHGJHPDNHVWKHOLWKLXPWUDQVLWLRQPHWDORUWKRVLOLFDWHIDPLO\DQLQWHUHVWLQJ
V\VWHPERWKDVDOWHUQDWLYHORZFRVWDQGKLJKFDSDFLW\FDWKRGHPDWHULDOIRUWKHQH[W
JHQHUDWLRQRI/LLRQEDWWHULHV
$LPRIZRUN
7KHSXUSRVHRIWKLVVWXG\ZDVWRLQYHVWLJDWHDQGLPSURYHWKHHOHFWURFKHPLFDOO\SURS
HUWLHVRIOLWKLXPWUDQVLWLRQPHWDORUWKRVLOLFDWHVDVSRVLWLYHHOHFWURGHIRU/LLRQEDWWHU
LHV 6LQFH D SUHYLRXV SURMHFW DW WKH VDPH GHSDUWPHQW ZDV IRFXVHG RQ DGYDQFHV LQ
/L)H6L2WKHPDLQIRFXVLQWKLVVWXG\LVGHGLFDWHGWRWKH0QDQDORJXH7KHZRUN
SUHVHQWHGKHUHFDQEHGLYLGHGLQWRWKUHHPDLQSDUWV
,QWKHILUVWSDUWDZHWFKHPLFDOURXWHZDVGHYHORSHGZKLFKDOORZVDFRQWUROOHGV\Q
WKHVLVRIKLJKO\SKDVHSXUHDQGQDQRVWUXFWXUHG/L0Q6L2&$39$DVVLVWHGVROJHO
PHWKRGZDVFKRVHQDQGRSWLPLVHG)XUWKHUWKHHIIHFWRIFDUERQFRQWHQWRQWKHSKDVH
SXULW\PRUSKRORJ\DQGHOHFWURFKHPLFDOSURSHUWLHVZDVDQDO\VHG&RQVHTXHQWO\VDP
SOHVZLWKGLIIHUHQWFDUERQFRQWHQWVZHUHFKDUDFWHULVHGLQWHUPVRISKDVHFRPSRVLWLRQ
DQGSXULW\PRUSKRORJ\DQGWKHHOHFWURFKHPLFDOSURSHUWLHV7KHUHVXOWVDUHSXEOLVKHG
LQ3DSHU,
2QH EDVLV RI WKH V\QWKHVLVPHWKRG GHYHORSHG LQ SDUW RQH FDWLRQLF VXEVWLWXWLRQV LQ
/L0Q6L2ZHUH VWXGLHG7KHUHVXOWVDUHSXEOLVKHG LQ3DSHU ,,DQG ,,,7KHFKRVHQ
FDWLRQV ZHUH )H DQG 9 /L)H6L2 LV NQRZQ WR H[LVW LQ WKH VDPH VWUXFWXUDO
SRO\PRUSKV DV /L0Q6L2 DQG ERWK FDWLRQV KDYH D VLPLODU LRQLF UDGLXV DQG
HOHFWURQHJDWLYLW\ +HQFH WKH +XPH5RWKHU\ UXOHV VKRXOG DSSO\ DQG )H VKRXOG
SRSXODWHHPSW\0QVLWHV)RU9ZKLFKLVNQRZQWRH[LVWLQPXOWLSOHR[LGDWLRQVWDWHV
WKH IHDVLELOLW\RI VXEVWLWXWLQJ LWRQHLWKHUWKH0QVLWHRUWKH6LVLWHZDVFRQVLGHUHG
7KH DLP ZDV WR LQYHVWLJDWH LI VXEVWLWXWLRQV DOWHU WKH SK\VLFDO SURSHUWLHV OLNH WKH
&KDSWHU,QWURGXFWLRQ


VWDELOLW\ RI WKH GHOLWKLDWHG SKDVH WKH HOHFWURQLF FRQGXFWLYLW\ DQG WKH /L GLIIXVLRQ
FRHIILFLHQWDQGH[SORUHWKHSRVVLELOLW\WRLQFRUSRUDWHDQDGGLWLRQDOUHGR[FRXSOHLQWR
WKH VWUXFWXUH 7KH SKDVH IRUPDWLRQ ZDV VWXGLHG E\ ;UD\ GLIIUDFWLRQ )RU 9
VXEVWLWXWHG VDPSOHV DGGLWLRQDO LQ VLWX ;UD\ GLIIUDFWLRQ VWXGLHVZHUH FRQGXFWHG WR
DQDO\VH WKH EHKDYLRXU XSRQ GHOLWKLDWLRQ DQG HOHFWURQ HQHUJ\ ORVV VSHFWURVFRS\
FKDUDFWHULVDWLRQV ((/6 ZHUH SHUIRUPHG WR SURYLGH LQIRUPDWLRQ DERXW ORFDO
GHULYDWLRQVRIWKHRYHUDOOVWUXFWXUHDQGGHWHUPLQHWKHR[LGDWLRQVWDWHRI92ULJLQVRI
WKH LPSURYHG F\FOLQJ SHUIRUPDQFH DQG WKH UHGR[ DFWLYLW\ RI 9 LQ /L0Q6L2 ZHUH
IXUWKHULQYHVWLJDWHGE\F\FOLFYROWDPPHWU\DQG$&LPSHGDQFH
7KHODVWSDUWRIWKLVVWXG\FRQFHUQVWKHIHDVLELOLW\RIDVFDODEOHV\QWKHVLVPHWKRGIRU
KLJKO\HOHFWURFKHPLFDOO\DFWLYHOLWKLXPWUDQVLWLRQPHWDORUWKRVLOLFDWHVDVFDWKRGHPD
WHULDOV IRU/LLRQEDWWHULHV7KH IHDVLELOLW\E\ OLTXLGIHHG IODPH VSUD\S\URO\VLVZLWK
VXEVHTXHQWDQQHDOLQJLVVKRZQLQ3DSHU,9DQG9)RFXVKHUHZDVJLYHQWRSURGXFH
QDQRVWUXFWXUHVLQWKHUDQJHRIQP
 
&KDSWHU/LLRQEDWWHULHV


 /LLRQEDWWHULHV
*HQHUDO
7KH IROORZLQJ FKDSWHU VXPPDULVHV WKH ZRUNLQJ SULQFLSOH RI D /LLRQ EDWWHU\ )XU
WKHUPRUH WKH LQGLYLGXDO FRPSRQHQWV RI D /LLRQ EDWWHU\ DUH GHVFULEHG DQG WKH UH
VHDUFKSURJUHVVLVEULHIO\UHYLHZHG6LQFHWKLVVWXG\IRFXVHVRQWKHSURSHUWLHVRIFDWK
RGHPDWHULDOVWKHVRFDOOHGKDOIFHOOFRQFHSWYHUVXVD/LPHWDOFRXQWHUHOHFWURGHZDV
DSSOLHGWKURXJKRXWWKHVWXG\1RQHWKHOHVVZKHQHYHUDSSOLFDEOHH[DPSOHVRIWKHDX
WKRUَVPDWHULDOVRIFKRLFHDUHLQFOXGHGLQWKHVSHFLILFVHFWLRQRIWKLVFKDSWHU
:RUNLQJSULQFLSOHRID/LLRQEDWWHU\
$VLQDQ\FRQYHQWLRQDOEDWWHU\FRQFHSWWKH/LLRQEDWWHU\FRQVLVWVRIWZRHOHFWURGHV
FRQQHFWHGE\DQLRQLFFRQGXFWLQJPHGLDFDOOHGWKHHOHFWURO\WH6HFRQGDU\/LLRQEDW
WHULHV FRQYHUW FKHPLFDO HQHUJ\ LQWR HOHFWULFDO HQHUJ\ GXULQJ WKH GLVFKDUJH DQG YLFH
YHUVDGXULQJWKHFKDUJH6LQFHWKHWHUPLQRORJ\RIWKHVSHFLILFSDUWVRIDEDWWHU\RULJL
QDWHV IURPSULPDU\ FRQFHSWV RI SXUH JDOYDQLF FHOOV WKH\ DUH VWULFWO\ VSHDNLQJ RQO\
YDOLGGXULQJWKHGLVFKDUJHRIDVHFRQGDU\/LLRQEDWWHU\)LJXUHVKRZVDVFKHPDW
LFRID/LLRQEDWWHU\GXULQJGLVFKDUJH
&KDSWH


)LJX
LQGLF
FLUFXL
9(
7KHFH
GLVFKDU
WDLQLQJ
FKDUJH
DSHUP
'XULQJ
DQG/L
$WWKH
WHUQDOF
PDLQWD

U/LLRQE
UH 6F
DWHGE\J
WLVLQGLFD
67$ZLW
OOFRQVLVWV
JH FRQQHF
DGLVVRFLD
FRQQHFWHG
HDEOHVHSD
GLVFKDUJH
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VDPHWLP
LUFXLWDQG
LQHOHFWURQ
DWWHULHV
KHPHRID
UHHQDUURZ
WHGE\EOD
KVFKHPDW
SR
RID/LWU
WHG WR DQ
WHG/LVDO
WRDFRSS
UDWRUDQGF
/L LVGULY
DWHWRZDUG
HHOHFWURQ
VXEVHTXHQ
HXWUDOLW\
/LLRQED
VZKLOHW
FNDUURZ
LF/LSRVL
VLWLRQVLQ
DQVLWLRQP
DOXPLQLXP
WDQGDJU
HUFXUUHQW
RQQHFWHG
HQWRR[L
VWKHFDWK
VJHQHUDWH
WO\UHGXFH
7KHJHQHUD
WWHU\GXUL
KHPRWLRQ
V7KHFU\
WLRQVLQWK
WKH/L[&
HWDOR[LGH
 FXUUHQW
DSKLWHQHJ
FROOHFWRU
E\DQH[WH
GDWLRQE\
RGHZKHU
GDWWKHD
WKHWUDQV
WHGFXUUHQ
QJGLVFKD
RIHOHFWUR
VWDOVWUXF
HJUDSKLW
R2OD\HU
SRVLWLYHS
FROOHFWRU
DWLYHSROH
7KHWZR
UQDOFLUFXL
WKHSRWHQ
HWKH\ LQW
QRGHDUH
LWLRQPHWD
WFDQEHX
UJHPRWLR
QVWKURXJ
WXUHVDUH
HOD\HUVD
V
ROHWHUPH
DQ RUJDQL
WHUPHG
HOHFWURGHV
W
WLDOGLIIHUH
HUFDODWH L
WUDQVSRUWH
OLRQVWRD
WLOLVHGE\

QRI/LLR
KWKHH[W
YLVXDOLVHG
QGYDFDQW
GFDWKRGH
F HOHFWURO\
DQRGHGXU
DUHVHSDU
QFHDWWKH
QWRWKH/L
GWKURXJK
ORZHUYDO
DGHYLFH
QVLV
HUQDO
XVLQJ
/L
GXULQJ
WH FRQ
LQJGLV
DWHGE\
DQRGH
 OD\HUV
DQH[
HQFHWR
&KDSWHU/LLRQEDWWHULHV


7KHFKDUJHRIDVHFRQGDU\/LLRQEDWWHU\LVWKHUHYHUVHRIWKLVVWHSDQGUHTXLUHVUH
YHUVLELOLW\RIWKHUHDFWLRQ'XULQJFKDUJHWKHFHOOZRUNVLQHOHFWURO\WLFPRGH7KHSRV
LWLYHSROHLVQRZWKHDQRGHDQGWKHWUDQVLWLRQPHWDOLRQVJHWR[LGLVHGWRDKLJKHUYD
OHQFHZKLOH/LLRQVGHLQWHUFDODWHRXWRIWKHVWUXFWXUHDQGPLJUDWHWRZDUGVWKHQHJD
WLYHSROH QRZFDWKRGHZKHUH WKH\ LQWHUFDODWH LQWR WKHJUDSKLWH OD\HUVDQGJHW UH
GXFHGE\WKHHOHFWURQVPRYLQJWKURXJKWKHH[WHUQDOFLUFXLW7KHHOHFWURFKHPLFDOUHDF
WLRQVRID/L&R2&FHOODUHVXPPDULVHGLQWKHIROORZLQJHTXDWLRQV
3RVLWLYHHOHFWURGH   
UHG
R[[/L &R2 [/L [H /L&R2+ − ⎯⎯⎯→←⎯⎯⎯− + +  
1HJDWLYHHOHFWURGH 
UHG
R[ [ \[/L \& [H /L &+ − ⎯⎯⎯→←⎯⎯⎯+ +     
2YHUDOOUHDFWLRQ DUJDUJ  
GLVFK H
FK H[ [ \/L &R2 /L & /L&R2 \&⎯⎯⎯⎯⎯→←⎯⎯⎯⎯⎯− + +  
$VQRWLFHDEOHIURPWKHVFKHPHLQ)LJXUHDQGIURPWKHHOHFWURFKHPLFDOHTXDWLRQV
D/LLRQFHOOGRHVQRWFRQWDLQPHWDOOLF/LEXWWZRKRVWPDWHULDOVIURPZKHUH/LLVLQ
VHUWHGDQGH[WUDFWHGLQWHUFDODWLRQ0HWDOOLF/LRIIHUVDKLJKFDSDFLW\EXWPXVWEH
RPLWWHGLQWKLVVHWXSGXHWRVDIHW\LVVXHV/LLRQVWHQGWRSODWHLQKRPRJHQHRXVO\RQ
D QHJDWLYH /L HOHFWURGH DQG FDXVH WKH IRUPDWLRQ RI GHQGULWHV 7KHVH GHQGULWHV FDQ
VKRUWFLUFXLWWKHWZRHOHFWURGHVFDXVLQJH[RWKHUPLFUHDFWLRQVZKLFKFRXOGOHDGWRDQ
H[SORVLRQRI WKH FHOO$FFRUGLQJO\/LZDV UHSODFHGE\PDWHULDOV WKDWFDQ UHYHUVLEO\
LQWHUFDODWH/L7RNHHSDKLJKRSHUDWLRQYROWDJHPDWHULDOVIRUWKHQHJDWLYHHOHFWURGH
VKRXOGH[KLELWDUHGR[SRWHQWLDOIRU/LFORVHWRPHWDOOLF/LZKLOHIRUPDWHULDOVIRUWKH
SRVLWLYHHOHFWURGHWKHUHGR[SRWHQWLDORIWKHWUDQVLWLRQPHWDOVKRXOGEHKLJKDJDLQVW
/L/L $Q RYHUYLHZ RI HOHFWURGHPDWHULDOV IRU /LLRQ EDWWHULHV NQRZQ E\ WKH \HDU
LVVKRZQLQ)LJXUH
&KDSWHU/LLRQEDWWHULHV



)LJXUH6SHFLILFFDSDFLWLHVDQGSRWHQWLDOVRIHOHFWURGHPDWHULDOVIRU/LLRQ
EDWWHULHV
)LJXUHVKRZVDSURPLQHQWPLVPDWFKLQVSHFLILFFDSDFLW\4EHWZHHQFDWKRGHPDWH
ULDOV SRVLWLYHPDWHULDOV DQG DQRGHPDWHULDOV QHJDWLYHPDWHULDOV7KH VSHFLILF FD
SDFLW\LVRIWHQH[SUHVVHGLQ$KNJRUP$KJ7KHWKHRUHWLFDOVSHFLILFFDSDFLW\4WK
FDQEHFDOFXODWHGIURP)DUDGD\َVILUVWODZXVLQJWKHIROORZLQJHTXDWLRQ
WK Q)4 0=     
ZKHUHQLVWKHQXPEHURIWKHH[FKDQJHGHOHFWURQV)LVWKH)DUDGD\FRQVWDQW
&PROڀ $KPROڀDQG0LVWKHPRODUPDVV:KHQ4WKLVPXOWLSOLHGZLWKWKH
RSHQFLUFXLWSRWHQWLDO2&3ZHREWDLQWKHWKHRUHWLFDOVSHFLILFHQHUJ\RIWKHEDWWHU\
LQWHUPVRI:KNJ6LQFH)LJXUHLVDOUHDG\ROGHUWKDQDGHFDGHLWODFNVWKHPRVW
UHVHQWLQQRYDWLRQVDQGDPRUHGHWDLOHGRYHUYLHZRIHOHFWURGHPDWHULDOVIRU/LLRQEDW
WHULHVLVJLYHQLQWKHIROORZLQJFKDSWHUV
&DWKRGH0DWHULDOV
$V SUHYLRXVO\ PHQWLRQHG WKH SRVLWLYH HOHFWURGH LQ D /LLRQ EDWWHU\ LV WHUPHG WKH
FDWKRGHDOWKRXJKWKLVLVVWULFWO\VSHDNLQJMXVWYDOLGGXULQJWKHGLVFKDUJH$FFRUGLQJ
WR06:KLWWLQJKDP WKHUH DUH HLJKWPDMRU FULWHULD WKDW D FDWKRGHPDWHULDOPXVW
IXOILO7KHFDWKRGHPDWHULDOPXVWFRQWDLQDWUDQVLWLRQPHWDOLRQZKLFKLVUHDGLO\UH
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H DV VPDO
LSHUWUDQV
LRQDQGH[
WLRQDOO\WK
OO\EHQLJQ
LRQEDWWHU
GLVSOD\V WK
DOWHUQDWLQ
YDQWDJHR
 ODWWLFHD
QHRIWKH
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R D UHYHUV
FRPSRVLWL
HUJ\RIUHD
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LHV FDQEH
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ILUVWVXJJH
DQG*RRG
7KHVWUX
&R2LOO
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&KDSWHU/LLRQEDWWHULHV
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
7KHVWDFNLQJRIWUDQVLWLRQPHWDODQG/LOD\HUVUHVXOWVLQDWZRGLPHQVLRQDO/LGLIIX
VLRQ QHWZRUN ,W RIIHUV D WKHRUHWLFDO FDSDFLW\ RI  P$KJ EXW RQO\ DERXW 
P$KJFDQSUDFWLFDOO\EHXWLOLVHGVRWKHGHOLWKLDWLRQLVFXWRIIDWDERXW92Q
IXUWKHUGHOLWKLDWLRQVWUXFWXUDOFKDQJHVRFFXUDQGDWIXOOGHOLWKLDWLRQWKHFXELFFORVH
SDFNHG FFSR[\JHQVXE ODWWLFH FKDQJHV WR WKHKH[DJRQDO FORVHSDFNHGKFS VWUXF
WXUHRI&R27KHUHGXFHGVWDELOLW\RIWKHKHDYLO\GHOLWKLDWHGSKDVHFDXVHVGLVVROX
WLRQRI&RDQG WKH ORVV RI R[\JHQ IURP WKH ODWWLFHZKLFK UHVXOWV LQ DQ LUUHYHUVLEOH
FDSDFLW\IDGHXSRQF\FOLQJ7KHLVRVWUXFWXUDOQLFNHOFRPSRXQGZRXOGEHRILQ
WHUHVWVLQFH1LLVPRUHDEXQGDQWWKDQ&R8QIRUWXQDWHO\/L1L2LVUHSRUWHGWRH[LVW
LQ/L\1L\2 VWRLFKLRPHWU\ZKHUH1L LVSDUWO\ UHGXFHG WR WKHGLYDOHQW VWDWH DQG
RFFXSLHVWKH/LOD\HUDQGWKXVKDVDQHJDWLYHLQIOXHQFHRQWKH/LGLIIXVLRQDQGSRZHU
FDSDELOLW\RIWKHPDWHULDO/DWHULWZDVVKRZQWKDWWULYDOHQW&RVXEVWLWXWLRQKLQ
GHUVWKH1LUHGXFWLRQDQGWKXVUHGXFHVDQWLVLWHGHIHFWVOHDGLQJWRDUHGXFHGFDSDFL
W\IDGHRIWKH/L1L[&R[2VROLGVROXWLRQFRPSDUHGWRWKHSXUH1LFRPSRXQG)XU
WKHUWKH LQFRUSRUDWLRQRIGLYDOHQWRUWULYDOHQW LQHUWGLOXHQWV OLNH0JDQG$ORU
WKHSDUWLDOVXEVWLWXWLRQRI2E\)RU6ZHUHVKRZQWRLPSURYHWKHVWDELOLW\DQG
F\FODELOLW\RI/L1L2DQG/L1L[&R[2ي7KH0QDQDORJRXV/L0Q2LVWKHUPRG\
QDPLFDOO\ XQVWDEOH DW HOHYDWHG V\QWKHVLV WHPSHUDWXUHV DQG HYHQZKHQ SUHSDUHG DW
ORZ WHPSHUDWXUHV LW IRUPV WKH WKHUPRG\QDPLFDOO\ VWDEOH VSLQHO VWUXFWXUH /L0Q2
XSRQF\FOLQJ7KLVVSLQHOVWUXFWXUHFDQEHGHVFULEHGDVDQH[FHSWLRQDOFDVHZKHUHWKH
WUDQVLWLRQPHWDOVDUHRUGHUHGLQDOOOD\HUV/L0Q2GLVSOD\VDQLQWHUHVWLQJKLJKYROW
DJHDQG LV WKXVDKLJKSRZHUFDWKRGHPDWHULDO DOWKRXJK LWVFDSDFLW\ LV ORZHU WKDQ
WKH FDSDFLW\ RI /L&R2   1L VXEVWLWXWLRQ LQ /L0Q2 \LHOGV WKH OD\HUHG
VWUXFWXUHDQGILQDOO\UHVXOWHGLQWKHGLVFRYHU\RIWKHVROLGVROXWLRQRIDOOWKUHHFDWLRQV
LQ /L1L[\0Q[&R\2 10& ي 10& FRPSRXQGV VKRZ DOPRVW QR /L WUDQVLWLRQ
PHWDODQWLVLWHGHIHFWV7KHPRVWVWXGLHGFRPSRVLWLRQLVWKHV\PPHWULFFRPSRVL
WLRQ,Q10&1LLVGLYDOHQW&RWULYDOHQWDQG0QWHWUDYDOHQWDQG/LFDQEHH[
FKDQJHGE\WKH1L1LUHGR[SDLU+LJKHUUHYHUVLEOHFDSDFLWLHVaP$KJ
ORZYROXPHFKDQJHVDQGDQ LQFUHDVHGVWDELOLW\RIWKHGHOLWKLDWHGVWDWHFRPSDUHGWR
/L&R2 DQG /L1L[&R[2PDNH10& FRPSRXQGV H[WUHPHO\ LQWHUHVWLQJ DV FDWKRGH
PDWHULDOIRU/LLRQEDWWHULHV
,QDGGLWLRQWRWKHOD\HUHGVWUXFWXUHVDVHFRQGFDWHJRU\RIPDWHULDOVFRPSULVHVPRUH
RSHQ VWUXFWXUHV OLNH YDQDGLXP R[LGHV PDQJDQHVH GLR[LGH DQG SRO\DQLRQLF FRP
SRXQGV$OWKRXJKRQHKDVWRNHHSLQPLQGWKDWLQD/LLRQEDWWHU\WKHFDWKRGHLVWKH
VRXUFHRI/LLRQVZKLFKH[FOXGHVPDWHULDOVOLNH92DQG0Q2IRUDFRQYHQWLRQDO/L
LRQEDWWHU\7KLVFDWHJRU\RIIHUVVDIHUDQGSRWHQWLDOO\FKHDSHUPDWHULDOV7KHSRO\DQ
LRQJURXSVWDELOLVHVWKHVWUXFWXUHDQGJLYHVULVHWRWXQLQJWKHUHGR[SRWHQWLDORIWKH
WUDQVLWLRQ PHWDO E\ DQ LQGXFWLYH HIIHFW DOWHULQJ WKH LRQRFRYDOHQW FKDUDFWHU RI WKH
WUDQVLWLRQPHWDOR[\JHQERQG7RWKHJURXSRISRO\DQLRQLFFRPSRXQGVZHFRXQW
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/)3KDVDWKHRUHWLFDOFDSDFLW\RIP$KJDQGDIODWLQWHUFDODWLRQGHLQWHUFDODWLRQ
SURILOHDW97KHIODWSURILOHLQGLFDWHVWKDWWKHUHDFWLRQSURFHHGVE\WKHPRWLRQRI
D WZRSKDVH LQWHUIDFH DFFRUGLQJ WR D VKULQNLQJ FRUHPRGHO7KH WZR HQGPHPEHUV
)H32DQG/L)H32ERWKFU\VWDOOLVHLQWKHRUWKRUKRPELFVSDFHJURXS3QPDDQGRI
IHUDGLIIHUHQFHLQXQLWFHOOYROXPHRI6WXGLHVUHYHDOHGWKHH[LVWHQFHRIWZR
VROLG VROXWLRQV/L̝)H32DQG/L̞)H32 RXWVLGH WKHPLVFLELOLW\JDSDW URRP WHP
SHUDWXUH)XUWKHUPRUHWKHYDOXHVIRU̝DQG̞DWWKHPRQRSKDVHELSKDVHERXQGDU\
VKRZDQLQYHUVHO\SURSRUWLRQDOGHSHQGHQFHRQSDUWLFOHVL]H7KHIODWYROWDJHSUR
ILOHPDNHVLWGLIILFXOWWRPRQLWRUWKHVWDWHRIFKDUJHRID/)3/LLRQEDWWHU\,QFRP
SDULVRQWKH OD\HUHGR[LGHVDOORIIHUDVOLJKWO\VORSLQJYROWDJHSURILOHDOORZLQJGLUHFW
PRQLWRULQJRIWKHVWDWHRIFKDUJH
/)3LVFRPSDWLEOHZLWKFRPPRQHOHFWURO\WHV\VWHPVDQGVWDEOHDJDLQVWRYHUFKDUJH
+RZHYHU WKH GLVDGYDQWDJHV FRPSDUHG WR WKH OD\HUHG R[LGHV DUH WKH ORZ HOHFWURQLF
DQG LRQLF FRQGXFWLYLW\ YDOXHV 7KH ODWWHU FDQ EH RYHUFRPH E\ QDQRVL]LQJ DQG WKH
IRUPHUE\WKHDSSOLFDWLRQRIDFRQGXFWLYHFRDWLQJ7KLVFRDWLQJXVXDOO\FRQVLVWVRID
WKLQ OD\HU RI FDUERQ RU WKH FRPELQDWLRQRI FDUERQ DQG FRQGXFWLQJSKRVSKLGHV DV D
UHVXOWRIDFDUERWKHUPDOUHGXFWLRQ
0RUHUHFHQWO\WKHRUWKRVLOLFDWHVZLWKWKHJHQHUDOIRUPXOD/L06L2JDLQHGDWWHQWLRQ
VLQFHWKH\DOVRFRQVLVWRIFKHDSDQGHQYLURQPHQWDOO\EHQLJQHOHPHQWVDQGFRXOGGXH
WRD/LWRWUDQVLWLRQPHWDOUDWLRRIDOORZWKHUHYHUVLEOHH[FKDQJHRI/LLRQVSHU
IRUPXODXQLWDQGWKXVLQWKHRU\RIIHUKLJKFDSDFLWLHVH[FHHGLQJP$KJ$G
GLWLRQDOO\WKHVWURQJ6L2ERQGVLQWKHRUWKRVLOLFDWHIUDPHZRUNHQVXUHDQLQFUHDVHG
WKHUPDOVWDELOLW\DQGJLYHULVHWRSRWHQWLDOO\ORZFRVWVDIHDQGHQYLURQPHQWDOO\EH
QLJQFDWKRGHPDWHULDOV7KHUHSRUWHGWUDQVLWLRQPHWDOVDUH)H0QDQG&RZKHUHWKH
IRUPHU WZR KDYH JDLQHGPRUH DWWHQWLRQ VLQFH WKH\ DUH QRQWR[LF DQG DEXQGDQW $
PRUH GHWDLOHG GHVFULSWLRQ RI WKH FU\VWDO VWUXFWXUH GHOLWKLDWLRQ PHFKDQLVP DQG UH
VHDUFKSURJUHVVRIWKHRUWKRVLOLFDWHIDPLO\LVJLYHQLQFKDSWHU
$QRGH0DWHULDOV
7KH QHJDWLYH HOHFWURGH RI D /LLRQ EDWWHU\ LV WKH DQRGH GXULQJ GLVFKDUJH 5HTXLUH
PHQWVIRUDQRGHPDWHULDOVDUHTXLWHVLPLODUWRWKRVHIRUFDWKRGHPDWHULDOVEXWRQWKH
DQRGHVLGHWKHUHYHUVLEOHUHDFWLRQVKRXOGSUHIHUDEO\RFFXUDWORZSRWHQWLDOVYV/L/L
WRPDLQWDLQDKLJKSRWHQWLDODJDLQVWWKHFDWKRGHDQGWKXVHQDEOHKLJKHQHUJ\RXWSXW
2QWKHRWKHUKDQGWKHSRWHQWLDOVKRXOGQRWEHWRRORZWRQRWULVN/LSODWLQJRQWKH
DQRGHZKLFKFRXOGFDXVHGHQGULWLF/LJURZWKUHVXOWLQJ LQ IDLOXUHRI WKHFHOO 6LQFH
PRVW DQRGHV RSHUDWHZHOO RXWVLGH WKH VWDELOLW\ OLPLW RI FRPPHUFLDO HOHFWURO\WHV WKH
&KDSWHU/LLRQEDWWHULHV


IRUPDWLRQRIDVWDEOHVROLGHOHFWURO\WHLQWHUSKDVH6(,WRSUHYHQWIXUWKHUHOHFWURO\WH
GHFRPSRVLWLRQ LV \HW DQRWKHUPDMRUO\ LPSRUWDQW UHTXLUHPHQW  6LQFH WKH ILUVW
FRPPHUFLDOLVDWLRQ RI WKH /LLRQ EDWWHU\ FRQFHSW FDUERQDFHRXVPDWHULDOV KDYH EHHQ
H[FOXVLYHO\XVHGDVWKHDQRGH,QWKHILUVW/LLRQEDWWHULHVSHWUROHXPFRNHZDVXVHG
DVFDUERQDQRGHZKLOHODWHUJHQHUDWLRQVKDYHEHHQHTXLSSHGZLWKJUDSKLWHPDWHULDOV
H[SORLWLQJWKHWKHRUHWLFDOFDSDFLW\RIP$KJ/L&7KHPDLQSUREOHPZLWK
FDUERQDFHRXVPDWHULDOV LV WKH ODUJH LUUHYHUVLEOH FDSDFLW\ ORVV GXULQJ WKH ILUVW F\FOH
FDXVHG E\ IRUPDWLRQ RI WKH 6(, $ ORW RI UHVHDUFK LV RQJRLQJ LQ RUGHU WR UHSODFH
JUDSKLWHDVWKHDQRGHPDWHULDO
$OWHUQDWLYH DQRGHPDWHULDOV FDQEHGLYLGHG LQWR WKUHHPDLQ JURXSVZLWK UHVSHFW WR
WKH UHDFWLRQPHFKDQLVP7KH ILUVWJURXS LV LQWHUFDODWLRQKRVWPDWHULDOV7KLVJURXS
FRQWDLQVFDUERQDFHRXVPDWHULDOVOLNHSRURXVFDUERQVFDUERQQDQRWXEHVDQGJUDSKHQH
ZKHUHWKHODWWHUWZRH[FHHGWKHFDSDFLW\RIJUDSKLWHE\IDUZLWKWKHRUHWLFDOFDSDFLWLHV
RYHUP$KJDOORZLQJD/L&UDWLRRILQVWHDGRILQJUDSKLWH8QIRU
WXQDWHO\ WKHVH PDWHULDOV VXIIHU IURP KLJK YROWDJH K\VWHUHVLV DQG KLJK LUUHYHUVLEOH
ORVVHVGXULQJF\FOLQJ$QDWDVH7L2DQG/L7L2DOVREHORQJWRWKHJURXSRILQ
WHUFDODWLRQKRVWPDWHULDOV7KHODWWHUHVSHFLDOO\JDLQHGLQWHUHVWGXHWRDVWDEOHLQWHU
FDODWLRQGHLQWHUFDODWLRQ SURILOH DW  9 YV /L/L HOLPLQDWLQJ WKH GDQJHU RI /L
SODWLQJDQG6(,SUREOHPV7KHWKHRUHWLFDOFDSDFLW\RIWKLVVSLQHOVWUXFWXUHLV
P$KJZKLFKLVUDWKHUORZFRPSDUHGWRRWKHUDQRGHPDWHULDOVDQGWKHKLJKSRWHQ
WLDOZRXOGUHGXFHWKHHQHUJ\RXWSXWRID/LLRQEDWWHU\
7KHVHFRQGJURXSFRQWDLQVDOOR\IRUPLQJFRPSRXQGVIRUH[DPSOH6L*H6Q%LDQG
6Q2ZKLFKUHDFWZLWK/LLQDQDOOR\LQJGHDOOR\LQJPDQQHU*URXS,9HOHPHQWVDUH
HVSHFLDOO\ LQWHUHVWLQJVLQFHWKH\ IRUPKLJK/LFRQWHQWDOOR\SKDVHVZLWK/L0UDWLRV
H[FHHGLQJ  WKXV GHOLYHULQJ YHU\ KLJK VSHFLILF FDSDFLWLHV GHSHQGHQW RQ WKHPRODU
PDVVRIWKHVSHFLILFDOOR\6LQFH6LLVWKHOLJKWHVWHOHPHQWLQWKLVVHULHVLWRIIHUVWKH
KLJKHVWWKHRUHWLFDOFDSDFLW\RIDERXWP$KJ7KHPDMRUSUREOHPZLWKDOOR\
DQRGHVLVWKHLPPHQVHYROXPHFKDQJHRIXSWRGXULQJF\FOLQJ7KLVFDXVHVIUDF
WXULQJRIWKHDQRGHDQGORVVRIFRQWDFWWRWKHFRQGXFWLQJDGGLWLYHVDQGWKHFXUUHQW
FROOHFWRUZKLFK\LHOGVVHYHUHFDSDFLW\IDGLQJDQGLUUHYHUVLEOHORVVHVي$GGLWLRQ
DOO\ WKHH[WUHPHO\ UHDFWLYH OLWKLDWHGDOOR\WHQGVWR VHOIGLVFKDUJH +RZHYHU6L&
QDQRFRPSRVLWHV KDYH VKRZQ SURJUHVV DQG SRWHQWLDO DV DQRGH PDWHULDOV VLQFH WKH
QDQRDUFKLWHFWXUHV FDQ ZLWKVWDQG WKH YROXPH H[SDQVLRQ EHWWHU WKDQ ODUJHU SDUWLFOHV
DQG WKH DGGLWLRQ RI FDUERQQRW RQO\ SURPRWHV HOHFWURQLF FRQGXFWLYLW\ EXW DOVR IRU
PDWLRQRIDVWDEOH6(,ILOP$FFRUGLQJWRDVWDWHPHQWE\8:DQJ7HVOD0RWRUV
LQFRUSRUDWHVVPDOODPRXQWVRI6LLQWKHLUQHZHVWEDWWHU\V\VWHPV
&KDSWHU/LLRQEDWWHULHV


7KHWKLUGJURXSRISRWHQWLDODQRGHPDWHULDOVFRQVLVWVRIFRQYHUVLRQPDWHULDOVEDVHG
RQ WUDQVLWLRQ PHWDO FKDOFRJHQLGHV DQG SQLFWRJHQLGHV RI WKH JHQHUDO IRUPXOD 0[$\
ZKHUH0 0Q)H&R1L&XDQG$ 26137KHVHXQGHUJRFRQYHUVLRQUHDF
WLRQVZLWK/LLRQVZKHUHWKHWUDQVLWLRQPHWDOJHWVUHGXFHGDQGWKHFRUUHVSRQGLQJ/L
]$FRPSRXQGLVIRUPHG6LQFHWKHQXPEHURIHOHFWURQVSHUWUDQVLWLRQPHWDOWKDWSDU
WDNHV LQWKLV UHDFWLRQ LVKLJKFRQYHUVLRQFRPSRXQGVFDQUHDFKKLJKVSHFLILFFDSDFL
WLHV7KLVPDNHV FRQYHUVLRQPDWHULDOV OLNH)H2 LQWHUHVWLQJ EXW LVVXHVZLWK VHYHUH
FDSDFLW\IDGLQJDQGODUJHSRODULVDWLRQVPXVWEHVROYHGEHIRUHFRPPHUFLDOLVDWLRQ
(OHFWURGHDGGLWLYHV
$JRRGFRQWDFWDOORZLQJHOHFWURQWUDQVIHUIURPWKHHOHFWURGHWRWKHFXUUHQWFROOHFWRU
DQG WKXV WR WKH H[WHUQDO FLUFXLWQHHGV WREHJXDUDQWHHG LQHYHU\EDWWHU\ ,Q/LLRQ
EDWWHULHV WKLV LV GRQH E\ D FRQGXFWLYH ELQGHU ZKLFK LV SRO\YLQ\OLGHQH IOXRULGH
39')LQPRVWFDVHV8QIRUWXQDWHO\WKHFKRLFHRIVROYHQWVIRUWKLVSRO\PHULVOLP
LWHGDQGFDUFLQRJHQLF1PHWK\OS\UUROLGRQH103LVPRVWRIWHQXVHG1H[WWR
WKHELQGHUPDWHULDOXVXDOO\DQRWKHU FDUERQDFHRXVPDWHULDO LVDGGHGDVFRQGXFWLYLW\
HQKDQFHU RQERWK HOHFWURGH VLGHV7KLV LV HVSHFLDOO\ LPSRUWDQW IRUSRO\DQLRQLF FRP
SRXQGVZKLFKRIIHUORZLQWULQVLFHOHFWURQLFFRQGXFWLYLW\YDOXHV)LJXUHVKRZV
GLIIHUHQWDSSURDFKHVWRWKHLQFRUSRUDWLRQRIFRQGXFWLYHFDUERQWRDFDWKRGHPDWHULDO
 3DUW D LOOXVWUDWHV WKH SK\VLFDO PL[WXUH RI FRQGXFWLYH FDUERQ EODFN JUDSKLWH D
ELQGHUDQGDFDWKRGHPDWHULDO,QSDUWEWKHDGGLWLYHFDWKRGHEOHQGLVFDVWRQDFDU
ERQFRDWHGFXUUHQWFROOHFWRUWRRSWLPLVHWKHFRQWDFWDQGSDUWFVKRZVDFDUERQFRDW
HG/L)H32SDUWLFOH
$FDUERQFRDWLQJLVWKHPRVWFRPPRQZD\WRLQFUHDVHWKHFRQGXFWLYLW\RIRUWKRSKRV
SKDWHV DQG RUWKRVLOLFDWHV'RPLQNR HW DO IRXQG DPLQLPXPRI ZW FDUERQ
UHVLGXHZDVQHHGHGWRIRUPWKLVFRDWLQJRQWLWDQLDSDUWLFOHVEXWWKLVYDOXHVKRXOGEH
KLJKO\GHSHQGHQWRQWKHSDUWLFOHVL]HDQGWKHGHQVLW\RIWKHPDWHULDO1RQHWKH
OHVVDFRQGXFWLYHFDUERQDGGLWLYHQHHGVWREHSK\VLFDOO\EOHQGHGLQWRJXDUDQWHHDQ
RYHUDOOFRQGXFWLYHPDWUL[
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$VVHHQ IURP)LJXUH WKHSRODU F\FOLFFDUERQDWHVSURS\OHQHFDUERQDWH 3&DQG
HWK\OHQH FDUERQDWH (& KDYH KLJK YLVFRVLW\ YDOXHV $FFRUGLQJO\ WKH\ QHHG WR EH
PL[HGZLWKDORZYLVFRVLW\DQGORZPHOWLQJSRLQWFRPSRXQGOLNHGLPHWK\OFDUERQDWH
'0& HWK\O PHWK\O FDUERQDWH (0& RU GLHWK\O FDUERQDWH '(& WR JXDUDQWHH
IOXLGLW\DQGKHQFHHDV\LRQWUDQVSRUW(DUOLHUUHVHDUFKZDVIRFXVHGRQ3&EDVHGHOHF
WURO\WHV VLQFH WKH VLPLODU FRPSRXQG(&KDV DQ H[WUHPHO\KLJK7P8QIRUWXQDWHO\
3&FDQQRWEHXVHG LQ/LLRQEDWWHULHV HTXLSSHGZLWKFDUERQDFHRXVDQRGHPDWHULDOV
VLQFH3&GRHV QRW IRUP D VWDEOH 6(, ILOP RQ WKH DQRGH EXW UDWKHU FRLQWHUFDODWHV
FDXVLQJH[IROLDWLRQRIWKHJUDSKHQHOD\HUVDQGGLVLQWHJUDWLRQRIWKHDQRGH(&RQWKH
RWKHUKDQGIRUPVDVWDEOH6(,DQGLVKHQFHXVHGDVDVROYHQWHYHQWKRXJKWKHKLJK
7PLVXQIDYRXUDEOH IRU ORZWHPSHUDWXUHDSSOLFDWLRQV7KHF\FOLFFDUERQDWHVDUH
DOVR WKHSUHIHUUHG VSHFLHV LQ WKH ILUVW VROYDWLRQ VKHHWRI/L LRQV LQWHUDFWLQJZLWK/L
WKURXJKWKHFDUERQ\OR[\JHQ/LVDOWFRQFHQWUDWLRQVDUHFRPPRQO\DURXQG0
ZLWKWKHPRVWFRPPRQO\XVHG/LVDOWEHLQJ/L3)EHFDXVHRILWVRYHUDOOFRPSURPLV
LQJSURSHUWLHVZLWKUHVSHFWWRWKH LRQLFPRELOLW\DQGGLVVRFLDWLRQFRQVWDQW$OWHUQD
WLYH /L VDOWV DUH /L&O2 /L%) /L$V) /L7)6, ELVWULIOXRURPHWKDQHVXOIRQLPLGH
/LDQG/L%2%/LELVR[DODWRERUDWH
1RQHRIWKHNQRZQHOHFWURO\WHFRPSRVLWLRQVDUHWKHUPRG\QDPLFDOO\VWDEOHLQWKHRS
HUDWLRQYROWDJHZLQGRZEXWWKHVWDELOLW\OLPLWLVNLQHWLFDOO\FRQWUROOHGXQGHUWKHSUH
VXPSWLRQWKDWSDVVLYDWLRQILOPVSUHYHQWFRQWDFWZLWKWKHVHYHUHO\UHGXFLQJRUR[LGLV
LQJ HOHFWURGH VXUIDFHV  )LJXUH  VKRZV WKH F\FOLF YROWDPPHWU\ SURILOH RI D
&/L&R2 /LLRQ EDWWHU\ DQG RI WKH SXUH (&ي'0& /L3) HOHFWURO\WH ZKHUH WKH
FRXQWHUHOHFWURGH LVDPRUSKRXV6XSHU3FDUERQDJDLQVW/LPHWDO 7KHSRVLWLYHHOHF
WURGHZRUNVZLWKLQWKHVWDELOLW\ZLQGRZRIWKHHOHFWURO\WHDQGWKHRQVHWRIGHFRPSR
VLWLRQLVDWDERXW9YV/L/L$WSRWHQWLDORIDERXW9WKHVORSHRIWKHDQRGLF
FXUUHQWGHQVLW\LVVWURQJO\LQFUHDVLQJUHIOHFWLQJWKHUDSLGR[LGDWLYHGHFRPSRVLWLRQRI
WKH HOHFWURO\WH DW WKHVH SRWHQWLDOV2Q WKH RWKHU VLGH WKH QHJDWLYH HOHFWURGHZRUNV
RXWVLGH WKH VWDELOLW\ZLQGRZ VWUHVVLQJ WKHPDMRU LPSRUWDQFH RI DSDVVLYDWLRQ OD\HU
SUHYHQWLQJWKHUHGXFWLYHHOHFWURO\WHGHFRPSRVLWLRQ
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WURO\WHV DQG JUDSKLWLF FDUERQ DQRGHV VLQFH IRUPHUO\ XVHG 3& EDVHG HOHFWURO\WHV
FDXVHG3&FRLQWHUFDODWLRQH[IROLDWLRQRIWKHYDQGHU:DDOVERXQGJUDSKHQH OD\HUV
DQGWKXVGLVLQWHJUDWLRQRIWKHJUDSKLWHPDWHULDO:KLOHWKHH[DFWPHFKDQLVPRI
6(, IRUPDWLRQRQFDUERQDFHRXVPDWHULDOV LV FRQWURYHUVLDOO\GLVFXVVHGHJE\%HVHQ
KDUGHWDODQG3HOHGHWDOWKHFKHPLFDOQDWXUHRIWKH6(,LVZHOONQRZQي5H
FHQWLQVLJKWVKDYHVKRZQWKDWWKHFDWKRGLFUHGXFWLRQUHDFWLRQVRIWKHHOHFWURO\WHOHDG
WRDPXOWLOD\HUHGILOP)LJXUHVNHWFKHVWKH6(,RQDJUDSKLWHSDUWLFOH

)LJXUH0XOWLOD\HUHG6(,RQDJUDSKLWHSDUWLFOH
7KHGHQVH LQQHUPRVW LQRUJDQLF OD\HUPDLQO\ FRQVLVWV RI /L&2 DQG/L)/L&2 LV
SULPDULO\ IRUPHGE\WKHUHGXFWLYHGHFRPSRVLWLRQ(&ZKLOH/L)LVDSURGXFWRIWKH
GHJUDGDWLRQRI IOXRULQHFRQWDLQLQJSRO\DQLRQV)XUWKHUPRUHUHDFWLRQVZLWKFRQWDPL
QDQWVFDQFDXVHIRUPDWLRQRIERWKFRPSRXQGVي
7KHSRURXVRUJDQLFOD\HUPDLQO\FRQVLVWVRIOLWKLXPDON\OFDUERQDWHVDQGOLWKLXPVHPL
FDUERQDWHV7KHVH FRPSRXQGV DUH IRUPHG E\ D WZR HOHFWURQ UHGXFWLRQ RU E\ D RQH
HOHFWURQ UHGXFWLRQZLWK VXEVHTXHQW UDGLFDO WHUPLQDWLRQRI WKH F\FOLF DQG OLQHDU FDU
ERQDWHVRIWKHHOHFWURO\WHVROXWLRQي
7KHIRUPDWLRQRIWKHVHOD\HUVFRQVXPHV/LLRQVDQGOHDGVWRDQLUUHYHUVLEOHFDSDFLW\
ORVVGXULQJWKHILUVWF\FOH7KH6(,PXVWEHDQLRQLFFRQGXFWRUEXWDWWKHVDPHWLPH
DQHOHFWURQLFLQVXODWRULQRUGHUWRDFWDVEDUULHUIRUIXUWKHUHOHFWURO\WHGHFRPSRVLWLRQ
ZKLOHDOORZLQJ/LLRQPLJUDWLRQLQWRWKHHOHFWURGH)XUWKHUPRUHLWZDVVKRZQWKDW
&KDSWHU/LLRQEDWWHULHV


WKH6(,VKRZVG\QDPLFEHKDYLRXUPHDQLQJWKDWLWVFRPSRVLWLRQLVDOWHUHGLQWKHGHO
LWKLDWHGDQGOLWKLDWHGVWDWHDQGWKDWWKHDPRXQWRI/L)JURZVGXULQJF\FOLQJRID/L
LRQEDWWHU\6(,JURZWKDQGDQLQFUHDVHGUHVLVWDQFHFDXVHGE\LQFUHDVHGDPRXQWV
RILQRUJDQLFFRPSRXQGVOLNH/L)OLPLWWKHOLIHWLPHRID/LLRQEDWWHU\
7KHSRVLWLYHHOHFWURGHH[KLELWVDQLQWHUSKDVHRUVXUIDFHOD\HUZKLFKVKRXOGDQDORJRXV
WRWKH6(,DOORZ/LPLJUDWLRQZKLOHEXLOGLQJDEDUULHUIRUIXUWKHUHOHFWURO\WHGHFRP
SRVLWLRQ 0DQ\R[LGHPDWHULDOV WHQGWREXLOGDFDUERQDWHVXUIDFH ILOPPDNLQJ LW
KDUG WR SUHYHQW/L&2 IRUPDWLRQ8VXDOO\ WKLV OD\HU HURGHV LQ FRQWDFWZLWK DFLGLF
HOHFWURO\WH VDOWV  $QGHUVVRQ HW DO UHSRUWHG /L) VXUIDFH OD\HUV RQ SULVWLQH
/L1L&R2 HOHFWURGH ODPLQDWHV RULJLQDWLQJ IURP GHK\GURIOXRULQDWLRQ UHDFWLRQV
ZKLFK DUH FDWDO\VHG E\ DONDOL LPSXULWLHV LQ WKH VROYHQW PHWK\OS\UUROLGRQH 
7KH\IXUWKHUIRXQGSRO\FDUERQDWHV/L)/L[3)\DQG/L[3)\2]RQWKHFDWKRGHVXUIDFH
RIFDOHQGDUOLIHWHVWHGEDWWHULHVRULJLQDWLQJIURP/L3)GHFRPSRVLWLRQDQGK\GURO\VLV
UHDFWLRQV  7KRPDV DQG FRZRUNHUV UHSRUWHG VLPLODU LQWHUSKDVH FRPSRQHQWV IRU
/L)H32DQG/L)H6L2FDWKRGHVXVLQJ/L3)DVWKHHOHFWURO\WHVDOW+RZHYHUWKH\
GLGQRWILQGDQ\HYLGHQFHIRUSRO\FDUERQDWHVRQHLWKHUPDWHULDO7KHVDPHJURXSIXU
WKHULQYHVWLJDWHGWKHVXUIDFHOD\HURI/L)H6L2XVLQJD/L7)6,HOHFWURO\WHVKRZLQJD
FRPSOHWHO\GLIIHUHQWLQWHUSKDVH3RO\HWK\OHQHR[LGHSRO\PHUUHVXOWDQWIURPGHFRPSR
VLWLRQUHDFWLRQVRI WKHF\FOLFFDUERQDWHZLWKHPEHGGHG/L7)6,SDUWLFOHVDQGPLQRU
WUDFHVRI/L&2DUHWKHPDLQFRPSRQHQWV7KHDXWKRUVDOVRIRXQGWKDWWKHWKLFNQHVV
RI WKLV LQWHUSKDVH LV KLJKO\ GHSHQGHQW RQ WKH VWDWH RI FKDUJH ZKLOH WKH LQWHUSKDVH
IURPWKH/L3)HOHFWURO\WHVWD\HGXQFKDQJHGDWGLIIHUHQWVWDWHVRIFKDUJHي7KHVH
WKRURXJKVWXGLHVFODULI\WKHGHSHQGHQFHRIWKHLQWHUSKDVHQRWRQO\RQWKHQDWXUHRI
WKHHOHFWURGHPDWHULDOEXWDOVRRQWKHHOHFWURO\WHXVHG
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

'HOLWKLDWLRQSRWHQWLDOV
7KHSRWHQWLDODWZKLFKGHOLWKLDWLRQRFFXUVLVGHSHQGHQWRQWKHWUDQVLWLRQPHWDODQG
LWV HQYLURQPHQW $V SUHYLRXVO\ PHQWLRQHG WKH LQGXFWLYH HIIHFW RI WKH 6L2 JURXSV
VKLIWVWKHUHGR[SRWHQWLDOWRKLJKHUYROWDJHVDQGWKXVPDNHVWKH00UHGR[FRX
SOHVRI0QDQG)HLQWHUHVWLQJ
)XUWKHUPRUH WKHGLIIHUHQWSRO\PRUSKVRI/L06L2JHQHUDWHGLIIHUHQWHQYLURQPHQWV
IRUWKH02WHWUDKHGUD:KLOHLQ̞SRO\PRUSKVRQO\FRUQHUVKDULQJRFFXUV02WHW
UDKHGUD VKDUH HGJHV LQ WKH̟SRO\PRUSKV7KLV FDXVHV D UHGXFHG02ERQG OHQJWK
DQGWKHUHE\DKLJKHUFRYDOHQF\7KLVUHVXOWVLQKLJKHUHQHUJ\GLIIHUHQFHVRIWKHERQG
LQJDQGDQWLERQGLQJVWDWHVFRPSDUHGWRWKHFRUQHUVKDULQJSRO\PRUSKDQGWKXVD
ORZHUHGUHGR[SRWHQWLDO,QWKHFDVHRI/L)H6L2WKHHIIHFWLVRQO\YLVLEOHGXULQJ
WKHILUVWIHZF\FOHVVLQFHDOOSRO\PRUSKVUHOD[WRWKHLQYHUVH̞,,IRUP,WLVHYHQPRUH
FRPSOLFDWHG IRU /L0Q6L2 GXH WR WKH VWUXFWXUDO FROODSVH $GGLWLRQDOO\ RYHUSRWHQ
WLDOV GXULQJ WKHPHDVXUHPHQWV FDXVHG E\ ORZ FRQGXFWLYLW\ DQG KHQFH D VLJQLILFDQW
FKDUJHWUDQVIHUUHVLVWDQFHPDNHLWKDUGWRFRPSDUHGLIIHUHQWVWXGLHV)LJXUHFRP
SDUHVWKHGHLQVHUWLRQGHOLWKLDWLRQSRWHQWLDOVRI0QDQG)HIURPFRPSXWDWLRQDOVWXG
LHV̞,,SRO\PRUSKVDQGH[SHULPHQWV
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 Arroyo-de Dompablo et al. M2+/M3+ GGA + U
 Arroyo-de Dompablo et al. M3+/M4+ GGA + U
 Wu et al. M2+/M3+ GGA 
 Wu et al. M3+/M4+ GGA 
 Wu et al. M2+/M3+ GGA + U
 Wu et al. M3+/M4+ GGA + U
 Nytén et al. Fe2+/Fe3+ exp. 60 °C
 Dominko et al. Mn2+/Mn3+ exp. 60 °C
 Muraliganth et al. Fe3+/Fe4+ exp. 55 °C
Fe

)LJXUH&RPSDULVRQRIGHOLWKLDWLRQSRWHQWLDOVRIʩ,,/L06L2IURP
FRPSXWDWLRQDODQGH[SHULPHQWDOVWXGLHV')7GDWDIURP$UUR\RGH'RPSDEORHW
DODQG:XHWDO([SHULPHQWDOGDWDIURP1\W«QHWDO/L)H6L2
0XUDOLJDQWK/L)H6L2DQG'RPLQNRHWDO/L0Q6L2$OOH[SHULPHQWV
FDUULHGRXWDWHOHYDWHGWHPSHUDWXUH

&KDSWHU/LWKLXP7UDQVLWLRQ0HWDO2UWKRVLOLFDWHV/L06L2



,Q ERWK FDVHV WKH GDWD PRGHOOHG E\ WKH JHQHUDOLVHG JUDGLHQW DSSUR[LPDWLRQ 
'XGDUHYPHWKRG**$8DSSURDFKLVVLPLODUWRWKHH[SHULPHQWDOGDWD)XUWKHULW
LVQRWHZRUWK\WKDWWKHH[SHULPHQWVZHUHFDUULHGRXWDW HOHYDWHG WHPSHUDWXUHV7KH
LQFUHDVHGNLQHWLFVDWKLJKHUWHPSHUDWXUHVUHGXFHVWKHRYHUSRWHQWLDODQGWKXVWKHGH
LQWHUFDODWLRQSRWHQWLDOVDUHVKLIWHGWRVOLJKWO\ORZHUYROWDJHV7KHGHLQVHUWLRQDQGWKH
LQVHUWLRQSRWHQWLDOVDUHLQIOXHQFHGE\GLIIHUHQWIDFWRUVVXFKDVWKHFRQGXFWLYLW\RIWKH
PDWHULDODQGWKHGLIIXVLRQRI/LLRQVZKLFKFDQOHDGWRVLJQLILFDQWRYHUSRWHQWLDOVERWK
LQ WKH DQRGLFGLUHFWLRQXSRQGHOLWKLDWLRQDQG LQ WKH FDWKRGLFGLUHFWLRQXSRQ OLWKLD
WLRQ7KH GLIIHUHQFH EHWZHHQ WKH GHOLWKLDWLRQ DQG OLWKLDWLRQ SRWHQWLDO LV WHUPHG WKH
SRODULVDWLRQ DQG VKRXOG SUHIHUDEO\ EH VPDOO WR REWDLQ D KLJK HQHUJ\ HIILFLHQF\ $V
PHQWLRQHG LQWKHSUHYLRXVFKDSWHUWKHVWDELOLW\RIWKHHOHFWURO\WHV LV OLPLWHGWRDS
SUR[LPDWHO\9WKXVPDNLQJLWFKDOOHQJLQJWRH[SORLWWKHIXOOSRWHQWLDORIWKH
/L06L2FRPSRXQGV
(OHFWURQLFEHKDYLRXU
(OHFWURQLFFRQGXFWLYLW\LVRIPDMRULPSRUWDQFHIRUDQHOHFWURGHPDWHULDOWRDOORZWKH
UHGR[SURFHVVHVWRWDNHSODFHDQGWRWUDQVSRUWHOHFWURQVWRWKHFXUUHQWFROOHFWRUV,Q
/L06L2WKHFRQQHFWLYLW\RI02XQLWVLVLQWHUUXSWHGE\6L2DQG/L2XQLWV7KH
FDOFXODWHGEDQGJDSVIRU/L0Q6L2DQG/L)H6L2UDQJHIURPDQGH9
UHVSHFWLYHO\$FFRUGLQJO\WKHH[SHFWHGEHKDYLRXULVVHPLFRQGXFWLQJWRLQVX
ODWLQJ'RPLQNRPHDVXUHGWKHHOHFWURQLFFRQGXFWLYLW\IRUERWKFRPSRXQGVDQGIRXQG
YDOXHVRI·ڀ6FPڀIRU/L0Q6L2DQG·ڀ6FPڀIRU/L)H6L2DWr&$W
URRP WHPSHUDWXUH WKHVH YDOXHV DUH H[SHFWHG WR EH WZR RUGHUV RIPDJQLWXGH ORZHU
ZKLFKOHGKLPWRWKHFRQFOXVLRQWKDWDFRQGXFWLYHFRDWLQJDQGDQDQRVL]HGPDWHULDOLV
NH\ WRPDNLQJERWKFRPSRXQGVZRUNDVDQHOHFWURGHPDWHULDO 7KH VDPHDXWKRU
DOVRVKRZHGDFRQGXFWLYLW\LQFUHDVHIURP6FPWR6FPIRUWLWDQLDSDUWL
FOHV E\ LQWURGXFLQJ D WKLQ FDUERQ FRDWLQJ$OVR KLJKOLJKWHGZDV WKH LPSRUWDQFH RI
WKLVFDUERQFRDWLQJIRUORZFRQGXFWLYLW\HOHFWURGHVOLNHSKRVSKDWHVDQGVLOLFDWHV
 
&KDSWHU/LWKLXP7UDQVLWLRQ0HWDO2UWKRVLOLFDWHV/L06L2


&DWLRQLFVXEVWLWXWLRQVRQWKH0RU6LVLWH
$VSUHYLRXVO\PHQWLRQHGSURSHUWLHVOLNHVWDELOLW\FRQGXFWLYLW\DQGUHGR[SRWHQWLDORI
/L06L2DUHVWURQJO\GHSHQGHQWRQWKHWUDQVLWLRQPHWDOFDWLRQ/L)H6L2FDQGHOLY
HURQH/LSHUIRUPXODXQLWZKLOHVXVWDLQLQJDVWDEOHVWUXFWXUHZKLOH/L0Q6L2JLYHV
ULVHWRWKHSRVVLELOLW\RIDWZRHOHFWURQUHDFWLRQDWPRUHPRGHUDWHSRWHQWLDOVWKDQ)H
$FFRUGLQJO\LWLVQRWVXUSULVLQJWKDWUHVHDUFKHUVKDYHWULHGWRFRPELQHWKHVHSURSHU
WLHVE\ V\QWKHVLVLQJ VROLG VROXWLRQVRI WKHJHQHUDO IRUPXOD/L)H[0Q[6L27KH UH
VXOWLQJSRO\PRUSKRIVXFKDVROLGVROXWLRQLVGHSHQGHQWRQWKHV\QWKHVLVFRQGLWLRQV
VXFK DV WHPSHUDWXUH DQG WKH DPRXQW RI HDFK FDWLRQ8QGHU FRQYHQWLRQDO V\QWKHVLV
FRQGLWLRQV 7  r&/L)H6L2 LVSUHVHQW LQ̟V DQG/L0Q6L2 LQ̞,, SRO\
PRUSKV6ROLGVROXWLRQVWKXVRIWHQFRQWDLQDPL[WXUHRIWKHVHSRO\PRUSKV$QHDU
O\FRPSXWDWLRQDOVWXG\FRQFOXGHGWKDW)HVXEVWLWXWLRQLQ/L0Q6L2FRXOGVWDELOLVH
WKHVWUXFWXUHDQGWKDWDFRPSRVLWLRQRI/L)H0Q6L2VKRXOGEHFDSDEOHRIGHOLY
HULQJPRUHWKDQRQH/LSHU IRUPXODXQLWZKLOVWPDLQWDLQLQJVWUXFWXUDO LQWHJULW\
2QWKHFRQWUDULO\DPRUHUHFHQWVWXG\FRQFOXGHGWKDWMXVWPRO0QVXEVWLWX
WLRQLQWRWKHVWUXFWXUHZRXOGKDYHDGHVWDELOLVLQJHIIHFW$GGLWLRQDOO\H[SHULPHQWDO
VWXGLHVFRPHWRWKHFRQFOXVLRQWKDW0QVXEVWLWXWLRQLQ/L)H6L2FDXVHVLUUHYHUVLEOH
FDSDFLW\ IDGLQJZLWKFOHDUWUHQGVYLVLEOH LQ WKHVORSHRI WKHFDSDFLW\GHFD\DJDLQVW
WKH0QFRQFHQWUDWLRQي
$QRWKHUVWUDWHJ\WRVWDELOLVHWKHVWUXFWXUHRI/L0Q6L2KDVEHHQWKHLQWURGXFWLRQRI
LQHUWGLOXHQWVOLNH0J*XPPRZHWDOV\QWKHVLVHGD̟0JVXEVWLWXWHG/L0Q6L2
EXWHOHFWURFKHPLFDOF\FOLQJVWLOOUHVXOWHGLQDFDSDFLW\IDGH=KDQJHWDOUHSRUWHG
&UVXEVWLWXWHG/L0Q6L2QDQRILEUHVZLWKHQKDQFHGFDSDFLW\DQGFDSDFLW\UHWHQWLRQ
FRPSDUHGWRDQRQVXEVWLWXWHGVDPSOHDQGDUJXHWKDWLQFUHDVHGXQLWFHOOGLPHQVLRQV
VWDELOLVHWKHVWUXFWXUH$UHFHQWFRPSXWDWLRQDOVWXG\E\6DUDFLEDUHWDOFRQFOXGHG
WKDW 1L VXEVWLWXWLRQ FRXOG VWDELOLVH /L0Q6L2 EXW WKHLU H[SHULPHQWV ZLWK ORZ 1L
FRQFHQWUDWLRQV GLG QRW VKRZ DQ\ VWDELOLVLQJ HIIHFW DQG WKH\ IDLOHG WR V\QWKHVLVH
/L0Q6L2ZLWK1LFRQFHQWUDWLRQKLJKHUWKDQPRO$QRWKHUFRPSXWDWLRQDO
VWXG\ VXJJHVWHG D PL[HG PHWDO RUWKRVLOLFDWH RI WKH JHQHUDO IRUPXOD /L)H[
\0Q[1L\6L2DQDORJRXVWRWKHPL[HGPHWDOOD\HUHGR[LGHVWRKDYHVXSHULRUSURSHU
WLHVZLWKUHVSHFWWRDVWDEOHUHDFWLRQZLWKPRUHWKDQRQH/LSHUIRUPXODXQLW
.XJDQDWKDQHWDOVXJJHVW$OVXEVWLWXWLRQRQWKH6LVLWHZLWKH[FHVV/LRQLQWHUVWLWLDO
SRVLWLRQVIRUFKDUJHFRPSHQVDWLRQWRLQFUHDVHWKHFDSDFLW\RI/L0Q6L2
$QRWKHU LQWHUHVWLQJ DSSURDFK LV WKH LQFRUSRUDWLRQ RI 9 LQWR WKH VWUXFWXUH RI
/L06L29LVNQRZQDVDFDWKRGHPDWHULDOLQWKHIRUPRI92DQGDUHFHQW
FRPSXWDWLRQDO VWXG\KDV VKRZQXS WRPRO9VXEVWLWXWLRQ LQ/L)H6L2 WREH
&KDSWHU/LWKLXP7UDQVLWLRQ0HWDO2UWKRVLOLFDWHV/L06L2



VWDEOHDQG WRJLYH ULVH WR WKUHHDGGLWLRQDO UHGR[FRXSOHV 9FDQEHSUHVHQW LQD
GLYDOHQWWRSHQWDYDOHQW VWDWH ZLWK DQ DFFRUGLQJO\ GHFUHDVLQJ LRQLF UDGLXV ZKLFK
ZRXOGDOVRJLYH ULVH WR WKHSRVVLELOLW\RI VXEVWLWXWLQJ6LE\9 $FRPSXWDWLRQDO
VWXG\E\/LLYDWDQG7KRPDVVXSSRUWVWKHSRVVLELOLW\RIORZOHYHOPROVXEVWL
WXWLRQRI9RQWKH6LVLWHEHLQJEHQHILFLDO LQWHUPVRIFRQGXFWLYLW\DQGFDSDFLW\E\
WKH99UHGR[FRXSOHDWSRWHQWLDOV9$VWKHUHGR[FRXSOHRIWKHWUDQVL
WLRQPHWDOLQSRO\DQLRQLFFRPSRXQGVLVLQIOXHQFHGE\WKHSRO\DQLRQJURXSWKHUHGR[
SRWHQWLDORI9VKRXOGVKRZVLJQLILFDQWGLIIHUHQFHVZKHQLWSRSXODWHVHLWKHUWKHSRO\DQ
LRQLF RU WKH FDWLRQLF VLWH+RZHYHU H[SHULPHQWDO VWXGLHV RI9 GRSLQJ LQ /L)H6L2
VKRZLQFRQVLVWHQFLHV$VWXG\E\+RQJHWDOVKRZVWKHDSSHDUDQFHRI9FRQWDLQLQJ
VSLQHOSKDVHVDWKLJKHUGRSLQJOHYHOVDQGDJHQHUDOGHFD\RIWKHHOHFWURFKHPLFDOSURS
HUWLHV=KDQJHWDOVXEVWLWXWHGXSWRPRO9RQWKH)HVLWHRI/L)H6L2DQG
IRXQG D VWURQJ LQFUHDVH RI HOHFWURFKHPLFDO SURSHUWLHV IRU  PRO  9 VXEVWLWXWLRQ
7KH\ IXUWKHU VKRZ WKDW DOPRVW DOO PDMRU /L)H6L2 GLIIUDFWLRQ SHDNV GLVDSSHDU DW
KLJKHU9 FRQFHQWUDWLRQV +DRHW DO UHSRUWHGDQ LQFUHDVH LQ HOHFWURFKHPLFDOSHU
IRUPDQFHZKHQPRO9LVVXEVWLWXWHGRQWKH6LVLWHRI/L)H6L21RFRPSX
WDWLRQDOVWXGLHVFRQFHUQLQJ9VXEVWLWXWLRQLQ/L0Q6L2DUH\HWDYDLODEOH$EURDGHU
H[SHULPHQWDOVXEVWLWXWLRQVWXG\LQFOXGLQJXSWRPRO9RQHLWKHUWKH0QRU6L
VLWHRI/L0Q6L2E\'HQJHWDOGHPRQVWUDWHGDQLQFUHDVHGGLVFKDUJHFDSDFLW\IRU
PRO9 RQ ERWK VLWHV EXW GHWHULRUDWLRQ IRU PRO9  $ UHFHQW VWXG\ E\
+ZDQJHWDOUHSRUWVDQLQFUHDVHG/LGLIIXVLRQFRHIILFLHQWIRUDQGPRO9LQFRU
SRUDWLRQRQWKH0QVLWHRI/L0Q6L2EXWQRUHGR[DFWLYLW\RI9ZDVGHWHFWHGQRU
GLGLWLQIOXHQFHWKHVWDELOLW\
2WKHUDXWKRUV UHSRUWSRVLWLYHHIIHFWVRI&RDQG&UVXEVWLWXWLRQ LQ/L)H6L2 
7KHLQFRUSRUDWLRQRI1LVHHPVWREHFKDOOHQJLQJ$VWXG\E\-D«QHWDOUHYHDOHGDQ
LQFUHDVH LQ /L6L2 DQG D )H1L DOOR\ ZLWK LQFUHDVLQJ VXEVWLWXWLRQ OHYHO RI 1L LQ
/L)H6L2VXJJHVWLQJDGLIILFXOW\LQNHHSLQJ1LLQDGLYDOHQWVWDWHXQGHUWKHV\QWKH
VLVFRQGLWLRQVDSSOLHG
$Q LPSRUWDQW SRLQW LV RIWHQ GLVUHJDUGHG ZKHQ VXEVWLWXWLRQGRSLQJ HIIHFWV DUH GLV
FXVVHG QDPHO\ WKH LQWHUUHODWLRQ RI VXEVWLWXWLRQ DQG WKH UHVXOWLQJ PRUSKRORJ\ DQG
PLFURVWUXFWXUH(VSHFLDOO\ IRUFRPSRXQGVZLWK ORZLRQLFDQGHOHFWURQLFFRQGXFWLYLW\
OLNHWKHRUWKRVLOLFDWHVFKDQJHVLQPLFURVWUXFWXUHGUDVWLFDOO\FKDQJHWKHHOHFWURFKHPL
FDOSURSHUWLHV7KH LQFRUSRUDWLRQRI D IRUHLJQ VSHFLHV WR WKH V\QWKHVLV FDQDOWHU WKH
PLFURVWUXFWXUHDQGWKXVWKHHOHFWURFKHPLFDOSHUIRUPDQFHDQGVKRXOGQRWEHLJQRUHG
ZKHQGLVFXVVLQJFDWLRQLFVXEVWLWXWLRQ
 
&KDSWHU/LWKLXP7UDQVLWLRQ0HWDO2UWKRVLOLFDWHV/L06L2


6\QWKHVLVPHWKRGVDQGHOHFWURFKHPLFDOSURSHUWLHVRI
QDQRVWUXFWXUHGFDUERQFRDWHG/L06L2FRPSRXQGV
7KHUH DUH YDULRXV PHWKRGV UHSRUWHG WR V\QWKHVLVH QDQRVWUXFWXUHG /L06L2 FRP
SRXQGVDQG WKLV VHFWLRQZLOOEULHIO\ VXPPDULVH VHOHFWHG H[DPSOHV ,QSULQFLSOH WRS
GRZQPHWKRGV OLNH VROLGVWDWH UHDFWLRQ FRPELQHGZLWK KLJKHQHUJ\ EDOOPLOOLQJ DQG
ZHWFKHPLFDOERWWRPXSPHWKRGVDUHGLVWLQJXLVKHG%XWYDULRXVZHWFKHPLFDOPHDQV
DUHDOVRFRPELQHGZLWKKLJKHQHUJ\PLOOLQJIRUGHDJJORPHUDWLRQ&RPPRQDSSURDFK
HVDUHVROXWLRQJHODWLRQPHWKRGVZKHUHGLIIHUHQWFRPSOH[LQJRUFKHODWLQJDJHQWVOLNH
FLWULFDFLGRUDFRPELQDWLRQRIFLWULFDFLGDQGHWK\OHQHJO\FRO3HFKLQLFDQEHDGGHG
يي6ROXWLRQFRPEXVWLRQPHWKRGVKDYHDOVREHHQDS
SOLHG+HUHDIXHOOLNHVXFURVHRU39$UHDFWVVSRQWDQHRXVO\ZLWKDQR[LGLVHUUHVXOWLQJ
LQ WKH FRPEXVWLRQ RI WKH PDWHULDO  )XUWKHU DGYDQFHG PHWKRGV LQFOXGH VRO
YRWKHUPDOPHWKRGVZKLFKRIWHQZRUNDWVXSHUFULWLFDOFRQGLWLRQVيDQGSRO
\ROPHWKRGV1RWRQO\ZHWFKHPLFDODSSURDFKHVKDYHEHHQUHSRUWHG6RPHDXWKRUV
UHSRUW DHURVRO SURFHVVHV OLNH VSUD\ S\URO\VLV RU VSUD\ GU\LQJ ي 7DEOH 
VXPPDULVHVVRPHV\QWKHVLVPHWKRGVLQFOXGLQJVHFRQGDU\SKDVHVSDUWLFOHVL]HVXUIDFH
DUHDFDUERQFRQWHQWGLVFKDUJHFDSDFLW\UDWHDQGWHPSHUDWXUHZKHQJLYHQ
7DEOH1DQRVL]HG/L06L2FRPSRXQGV
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 QRWPHQWLRQHG

&KDSWHU/LWKLXP7UDQVLWLRQ0HWDO2UWKRVLOLFDWHV/L06L2


,W LV FOHDUO\ VHHQ IURP7DEOH  WKDW D YDULHW\ RI UHVXOWV LV DFKLHYHG E\ GLIIHUHQW
PHDQV 'LUHFW FRPSDULVRQV FDQ EH SUREOHPDWLF VLQFH PDQ\ SDUDPHWHUV KDYH WR EH
FRQVLGHUHG0DQ\UHSRUWVXVH&UDWHVZLWKRXWGHILQLQJ&$OVRSRWHQWLDOZLQGRZVRI
WKHHOHFWURFKHPLFDOWHVWVDUHGLIIHUHQWDQGWKHWHPSHUDWXUHDWZKLFKWKHWHVWZDVSHU
IRUPHGYDULHV$GGLWLRQDOO\QRWDOOWKHLQIRUPDWLRQLVJLYHQLQHYHU\UHSRUW)RUH[
DPSOHVRPHDXWKRUVUHSRUWH[WUHPHO\KLJKFDUERQFRQWHQWVEXWWKHUHSRUWGRHVQRW
FODULI\LIWKHDPRXQWRI&LVVXEWUDFWHGIURPWKHVDPSOHZHLJKWZKHQFDOFXODWLQJWKH
VSHFLILFFDSDFLW\
$OVR WKH WDEOH VKRZV WKDW V\QWKHVLV RI /L06L2 FRPSRXQGV UDUHO\ OHDGV WR SKDVH
SXUHPDWHULDOV2IWHQUHSRUWHGVHFRQGDU\SKDVHVDUHELQDU\R[LGHVOLNH0Q2RU)H2
DQG PHWD DQG RUWKRVLOLFDWHV OLNH /L6L2 0Q6L2 RU )H6L2 ,Q WKH FDVH RI
/L)H6L2WKHUHGXFWLRQWRHOHPHQWDU\)HLVDOVRREVHUYHG
$GGLWLRQDOWRDVPDOOSDUWLFOHVL]HWKHSRURVLW\RIWKHV\QWKHVLVHGPDWHULDOLVRILP
SRUWDQFHVLQFHDKLJKSRURVLW\LQWKHPHVRDQGPDFURUDQJHVHQDEOHDKLJKFRQWDFW
DUHDRIWKHHOHFWURO\WHDQGKHQFHKLJKUHDFWLRQUDWHV+RZHYHUWKH
WDSSLQJGHQVLW\KDVWREHFRQVLGHUHG6RPHDXWKRUVUHSRUWKLJKFDSDFLW\ZLWKQDQR
SDUWLFOHVRUQDQRFRDWLQJVRQFDUERQQDQRWXEHVQDQRSDUWLFOHVLQDJUDSKHQHQHWZRUN
RU XOWUDWKLQ QDQRVKHHWV  7KHVH VWUXFWXUHV PLJKW FUHDWH KLJK VSHFLILF
JUDYLPHWULF FDSDFLWLHV EXW ZLOO GHOLYHU H[WUHPHO\ ORZ WDSSLQJ GHQVLWLHV DQG KHQFH
YROXPHWULFFDSDFLWLHVVRWKHVHVWUXFWXUHVDUHRIVFLHQWLILFYDOXHRQO\
*HQHUDOO\DFDUERQFRDWLQJLVPHDQWDVFRQGXFWLYLW\HQKDQFHUDQGVKRXOGXQLIRUPO\
VXUURXQG WKHSDUWLFOHVDQGEH WKLQHQRXJK WRDOORZHDV\/LGLIIXVLRQ 0RVWFRP
PRQO\ WKH FRDWLQJV DUH JHQHUDWHG GXULQJ UHGXFLQJ RU LQHUW KHDW WUHDWPHQW E\ WKH
S\URO\VLVRIFDUERQFRQWDLQLQJFRPSRXQGV)XUWKHUWKH%RXGRXDUGUHDFWLRQJHQHUDWHV
&2ZKLFKDFWVDVDUHGXFLQJDJHQWIRUWKHWUDQVLWLRQPHWDOZKLFKLVQRWQHFHVVDU\LQ
WKHGLYDOHQWVWDWHEHIRUHWKHKHDWWUHDWPHQW
)RU WKH FDUERQ FRDWLQJ ZH GLVWLQJXLVK EHWZHHQ WZR GLIIHUHQW URXWHV ,Q WKH ILUVW
URXWHDQRUJDQLFPROHFXOHRUPDFURPROHFXOHLVDGGHGGXULQJDZHWFKHPLFDOV\QWKH
VLV7KLVFRXOGIRUPFRPSOH[HVRUEHHYHQO\GLVWULEXWHGLQWKHUHVXOWLQJVROLGSUHFXU
VRU7KHVHFRQGURXWHLVWKHPHFKDQLFLQWURGXFWLRQDQGKRPRJHQLVDWLRQRIDQRUJDQLF
PROHFXOHPDFURPROHFXOHRUDPRUSKRXVFDUERQE\PRUWDULQJRUPLOOLQJ$KRPRJH
QRXV WKLQ OD\HU RI FDUERQ LV LPSRUWDQW WRJXDUDQWHHDQRYHUDOO FRQGXFWLQJPDWUL[
)XUWKHUPRUHWKHDPRXQWRIVSK\EULGLVHGFDUERQVKRXOGEHKLJKVLQFH LWKDVEHHQ
VKRZQWRKDYHDPDMRULPSDFWRQWKHFRQGXFWLYLW\RIWKHFRDWLQJ&RPPRQO\DS
SOLHG FDUERQ IRUPHUV DUH PRQR GL DQG SRO\VDFFKDULGHV OLNH JOXFRVH  VXFURVH
&KDSWHU/LWKLXP7UDQVLWLRQ0HWDO2UWKRVLOLFDWHV/L06L2



 FRUQVWDUFK  WKLV VWXG\ DQG FHOOXORVH RU FHOOXORVH DFHWDWH 
$OVRFRPPRQDUHFDUER[\OLFDFLGVZKLFKDUHRIWHQDOUHDG\DGGHGGXULQJWKHV\QWKH
VLV([DPSOHVKHUHDUHDGLSLFDFLGDVFRUELFDFLGFLWULFDFLGS\
URPHOOLWLFDFLG DQGWDUWDULFDFLG 6RPHDXWKRUVXVHSRO\PHULF VXEVWDQFHV OLNH
SRO\DFU\OQLWULOHSRO\1YLQ\OIRUPDPLGHSRO\HWK\OHQHSRO\HWK\OHQHJO\FROFRSRO
\PHU  RU SKHQROLF UHVLQ  )XUWKHU FDUERQDFHRXVPDWHULDOV OLNH SLWFK  RU
DFHW\OHQHEODFNDUHXVHGLQVRPHVWXGLHV


&KDSWHU%ULHIGHVFULSWLRQRIWKHDSSOLHG6\QWKHVLVPHWKRGV


 %ULHIGHVFULSWLRQRIWKHDSSOLHG
6\QWKHVLVPHWKRGV
2YHUYLHZ
7KHUHDUHQXPHURXVVRSKLVWLFDWHGV\QWKHVLVPHDQVDYDLODEOH IRUH[SORUDWLRQRIFRP
SOH[SKDVHV$OOVDPSOHVSUHSDUHGLQWKLVWKHVLVZHUHHLWKHUV\QWKHVLVHGE\DVROJHO
URXWH RU E\ OLTXLGIHHG IODPH VSUD\ S\URO\VLV 6XEVHTXHQWO\ WKH VDPSOHV ZHUH DQ
QHDOHGXQGHUUHGXFLQJFRQGLWLRQVWRREWDLQWKHGHVLUHGSKDVH7KHIROORZLQJFKDSWHUV
VXPPDULVHWKHSULQFLSOHVRIWKHV\QWKHVLVWHFKQLTXHVDSSOLHG
6ROJHOV\QWKHVLV
6LOLFDWHEDVHGVROJHOSURFHVV
7KH VROJHO SURFHVV LV DZHW FKHPLFDO SUHFXUVRU SURFHVV XVHG WR V\QWKHVLVH FHUDPLF
SRZGHUV ,W LQFOXGHV WKH V\QWKHVLV RI HLWKHU D VWDEOH VXVSHQVLRQRI FROORLGV FDOOHGD
FROORLG VRO RU D SRO\PHULF VROXWLRQZLWKRXW GHQVH SDUWLFOHV FDOOHG D SRO\PHULF VRO
7KHSURFHVVFRQWLQXHVZLWKJHODWLRQRIWKHVRODQGUHPRYDORIWKHVROYHQWE\DGU\LQJ
VWHS6ROJHOSURFHVVHVZHUHILUVWGLVFRYHUHGZLWKVLOLFRQ6LOLFRQDONR[LGHVDUHOHVV
UHDFWLYHWKDQPHWDODONR[LGHVVLQFHVLOLFRQRIIHUVRQO\RQHVWDEOHR[LGDWLRQVWDWHDQG
LV OHVV HOHFWURSRVLWLYH7KXV D FKDQJH LQ WKH FRRUGLQDWLRQ QXPEHU GXULQJ UHDFWLRQV
GRHVQRWRFFXU7KHNLQHWLFVRIK\GURO\VLVDQGFRQGHQVDWLRQDUH UHODWLYHO\ VORZDQG
VLOLFRQVROJHOFKHPLVWU\FDQEHGRQHLQZDWHUEDVHGV\VWHPV$W\SLFDOVLOLFRQ
VROJHOSUHFXUVRULVWHWUDHWK\ORUWKRVLOLFDWH7(26$VVKRZQLQ)LJXUH7(26LV
LQVROXEOHLQZDWHUKHQFHDFRPPRQVROYHQWIRU7(26DQGZDWHULVRIWHQDGGHG7KLV
LVLQPDQ\FDVHVHWKDQRO

&KDSWHU%ULHIGHVFULSWLRQRIWKHDSSOLHG6\QWKHVLVPHWKRGV



)LJXUH 7HUQDU\SKDVHGLDJUDPIRU7(26HWKDQRODQG+2
$OFRKROVDUHQRWRQO\VROYHQWVEXWDOVRWDNHSDUWLQWKHUHDFWLRQV7KHIRUPDWLRQRID
VRO LQFOXGHV WKH VWHSV RI K\GURO\VLV DQG FRQGHQVDWLRQ 7KH DFFRUGLQJ UHDFWLRQV DUH
JLYHQLQWKHIROORZLQJHTXDWLRQV
K\GURO\VLV
 HVWHUILFDWLRQ 6L 25 + 2 6L 2+ 52+≡ − + ≡ − +ZZZZZZZXYZZZZZZZ   
DOFRKROFRQGHQVDWLRQ
DOFRO\VLV6L 25 +2 6L 6L 2 6L 52+≡ − + − ≡ ≡ − − ≡ +ZZZZZZZZZZXYZZZZZZZZZZ  
ZDWHUFRQGHQVDWLRQ
K\GURO\VLV6L 2+ +2 6L 6L 2 6L + 2≡ − + − ≡ ≡ − − ≡ +ZZZZZZZZZXZYZZZZZZZZZ  
7KH UHDFWLRQ UDWHV DUH VWURQJO\S+GHSHQGHQW DQG WKH\DIIHFW WKH UHVXOWLQJ VRO$V
VKRZQLQ)LJXUHDWKHK\GURO\VLVUDWHLVPLQLPDODWS+7KHK\GURO\VLVLVJHQ
HUDOO\DFLGRUEDVHGULYHQDQGDWS+WKHFRQFHQWUDWLRQRIR[RQLXPDQGK\GUR[LGH
LRQV LV DW LWV ORZHVW  %DVLF FRQGLWLRQV DOVR SURPRWH FRQGHQVDWLRQ WKXV EDVH
FDWDO\VHGSURFHVVHVHQGLQDFROORLGDOVROZKLOHDFLGFDWDO\VLVHQGVLQSRO\PHULFVROV
DVVKRZQLQ)LJXUHE)XUWKHUPRUHWKHUHDFWLRQUDWHVDUHGHSHQGHQWRQWKHQD
WXUHRIWKHDOFRKRODWHOLJDQGVWKHZDWHUFRQWHQWDQGWKHUHDFWLRQWHPSHUDWXUH
&KDSWHU%ULHIGHVFULSWLRQRIWKHDSSOLHG6\QWKHVLVPHWKRGV



)LJXUHDS+GHSHQGHQFHRIWKHUHDFWLRQUDWHVIRUK\GURO\VLVDQG
FRQGHQVDWLRQES+GHSHQGHQFHRIWKHSRO\PHULVDWLRQRIDTXHRXVVLOLFD
7KH HYDSRUDWLRQ RI VROYHQWPROHFXOHV DQG IXUWKHU JURZWK RI WKH FOXVWHUV E\ HLWKHU
SRO\FRQGHQVDWLRQLQDQDFLGLFHQYLURQPHQWRUFOXVWHUDJJUHJDWLRQLQDEDVLFHQYLURQ
PHQWOHDGVWRDSRLQWZKHUHFOXVWHUVFROOLGH$WWKLVSRLQWWKHFOXVWHUVSHUFRODWHLH
WKH\ EXLOG D JLDQW FOXVWHU WKDW VSUHDGV WKURXJK WKHZKROH UHDFWLRQ FRQWDLQHU7KLV
SRLQWLVWHUPHGWKHJHOSRLQW6LQFHWKHYLVFRVLW\RIDVROLVGHSHQGHQWRQWKHVKHDU
UDWH DSSOLHG WKH YLVFRVLW\ LV QRW DQ RSWLPDO SDUDPHWHU WRGHWHUPLQH WKH JHO SRLQW
0RUH SUHFLVH LQIRUPDWLRQ FDQEH H[WUDFWHG E\ WKH ORVV WDQJHQW WDQ ̠ZKLFK JRHV
WKURXJKDPD[LPXPDVWKHJHOSRLQWDSSURDFKHVDQGWKHQGHFOLQHV7KHPD[LPXPLQ
DWDQ̠SORW LVFDXVHGE\DPRUHUDSLG LQFUHDVHRIHODVWLFEHKDYLRXURIWKHQHWZRUN
WKDQWKHLQFUHDVHLQYLVFRVLW\
0XOWLFRPSRQHQWVROJHOSURFHVVHV
7KHUHDUHPDQ\VROJHO UHODWHGSURFHVVHVNQRZQWR IRUPPXOWLFRPSRQHQWR[LGHVRU
VLOLFDWHV 0HWDO DONR[LGHV FDQ EH XVHG DV VROJHO SUHFXUVRUV EXW WKHLU UHDFWLYLW\ LV
PXFKKLJKHUVLQFHPHWDODONR[LGHVDUHPRUHHOHFWURSRVLWLYHWKDQVLOLFRQDONR[LGHV,Q
DGGLWLRQPDQ\PHWDOFDWLRQVFDQXQGHUJRUHGR[UHDFWLRQVDQGFKDQJHWKHLUFRRUGLQD
WLRQ QXPEHU GXULQJ QXFOHRSKLOLF DWWDFNV7KHVH FKDUDFWHULVWLFV IRUFHPHWDO DONR[LGH
VROJHOV\QWKHVHVWREHZDWHUIUHH
&KDSWHU%ULHIGHVFULSWLRQRIWKHDSSOLHG6\QWKHVLVPHWKRGV


$QRWKHU VROJHO UHODWHGSURFHVV LV WKH3HFKLQLPHWKRGZKHUHPHWDO FDWLRQVDUHGLV
VROYHGLQZDWHUDQGFLWULFDFLGDQGHWK\OHQHJO\FRODUHDGGHG&LWULFDFLGDFWVDVD
FKHODWLQJDJHQWIRUWKHPHWDOFDWLRQVDQGDWHOHYDWHGWHPSHUDWXUHVWKHHWK\OHQHJO\
FROXQGHUJRHVSRO\HVWHUILFDWLRQUHDFWLRQVZLWKWKHFDUER[\OJURXSVRIFLWULFDFLGFDXV
LQJDJHOQHWZRUNWRIRUP0DQ\GLIIHUHQWFRPSOH[LQJFKHODWLQJDJHQWVDQGGL
DOFRKROVFDQEHFRPELQHGLQ3HFKLQLOLNHVROJHOV\QWKHVHV
,QWKLVVWXG\WKHGHVLUHGVWUXFWXUHLV/L06L2VRWKHVLOLFRQDONR[LGHEDVHGVROJHO
URXWH LV DSSOLFDEOH /LWKLXP DQG WUDQVLWLRQ PHWDO VDOWV DUH PL[HG ZLWK WKH VLOLFRQ
DONR[LGH3RO\YLQ\ODOFRKRO39$ZDVFKRVHQDVWKHFRPSOH[LQJDJHQWLQWKLVVWXG\
7KHK\GUR[\OJURXSVRI39$FDQFRPSOH[PHWDOFDWLRQVDQGWKH\FDQDOVRXQGHUJR
FRQGHQVDWLRQ UHDFWLRQVZLWK WKHK\GUR[\ORUDONR[\OJURXSRI WKH FRQGHQVHG VLODQRO
FKDLQVRUEXLOGXSK\GURJHQERQGLQJDQGWKXVHQDEOHDKRPRJHQHRXVGLVWULEXWLRQRI
FDWLRQVWKURXJKRXWWKHQHWZRUN 7KHSUHFXUVRUVXVHGZHUHPHWDOQLWUDWHVDQG
WHWUDHWK\ORUWKRVLOLFDWH7KHV\QWKHVLVFRQGLWLRQVZHUHNHSWDFLGLFWRIRUPDSRO\PHU
LFJHODQGWRDYRLG0QR[LGDWLRQDQGRUSUHFLSLWDWLRQLQWKHIRUPRIK\GUR[LGHV
7KH YDQDGLXPSUHFXUVRU XVHG IRU WKH V\QWKHVLV RI VDPSOHV LQ SDSHU ,, DQG ,,,ZDV
DPPRQLXPPHWDYDQDGDWH1+92VLQFHVLPSOHYDQDGLXPQLWUDWHVDUHQRWDYDLOD
EOH:RUNLQJLQDQDFLGLFHQYLURQPHQWLVDOVREHQHILFLDOIRUYDQDGLXPFKHPLVWU\VLQFH
PRQRPHULFYDQDGLXPR[RLRQVDUHIRUPHGUDWKHUWKDQSRO\LRQV'XULQJWKHILUVW
V\QWKHVHVRIYDQDGLXPVXEVWLWXWHG/06SDSHU,,WKHYDQDGLXPSUHFXUVRUZDVDGG
HGWRWKHQLWULFDFLGLF0QSUHFXUVRU/DWHUDPRUHVRSKLVWLFDWHGURXWHZDVH[SORUHG
DQGLVGHVFULEHGLQSDSHU,,,7KHYDQDGLXPSUHFXUVRUZDVGLVVROYHGLQD·PRODU
DPRXQWRIR[DOLFDFLGSULRUWRPL[LQJZLWKWKHRWKHUSUHFXUVRUV'LVVRFLDWHGR[DODWH
LRQVGLGSDUWO\UHGXFHYDQDGLXPIURPWRDFFRPSDQLHGZLWKDFKDQJHLQVROX
WLRQFRORXUIURP\HOORZWRDGHHSJUHHQLVKEOXH)XUWKHUPRUHR[DODWHLRQVFDQFRP
SOH[YDQDGLXPR[RLRQVZKLFKFDQEHEHQHILFLDOIRUWKHIRUPDWLRQRIDKRPR
JHQHRXVJHO
*HODJHLQJ
'XULQJ DJHLQJ RI D JHO WKH VWUXFWXUH XQGHUJRHV IXUWKHU SURFHVVHV WKDW OHDG WR D
VWUHQJWKHQHG QHWZRUN )XUWKHU SRO\PHULVDWLRQ RFFXUV E\ FRQGHQVDWLRQ UHDFWLRQV
7KHVHLQFUHDVHWKHFRQQHFWLYLW\RIWKHQHWZRUNDQGPD\FDXVHV\QHUHVLVVKULQNDJHRI
WKHJHOFDXVHGE\H[SHOOLQJOLTXLGVIURPWKHSRUHVRIWKHQHWZRUN7KHUHDUHWZRGLI
IHUHQWV\QHUHVLVSURFHVVHVQDPHO\PDFURDQGPLFURV\QHUHVLV ,Q WKH IRUPHUSURFHVV
VKULQNDJHRFFXUVRYHUWKHZKROHQHWZRUNZKLOHLQWKHODWWHUFDVHDSKDVHVHSDUDWLRQ
RFFXUV7KLVSURFHVVLVGULYHQE\DJUHDWHUDIILQLW\RIWKHSRO\PHUIRULWVHOIOHDGLQJWR
IRUPDWLRQRISRO\PHUFOXVWHUVDQGDUHDVRIIUHHOLTXLG
&KDSWHU%ULHIGHVFULSWLRQRIWKHDSSOLHG6\QWKHVLVPHWKRGV


7KHQHWZRUNFDQDOVRXQGHUJRFRDUVHQLQJRUULSHQLQJSURFHVVHV7KHVHSURFHVVHVDUH
GULYHQE\GLVVROXWLRQDQGUHSUHFLSLWDWLRQUHDFWLRQV,QSDUWLFXODWHJHOVGLIIHUHQWUDGLL
RI FXUYDWXUHV RI WKH SDUWLFOH VXUIDFH UHVXOW LQ GLIIHUHQW VROXELOLW\ DQG QHFN JURZWK
7KLVSURFHVVGRHVQRW OHDGWRVKULQNDJHRI WKHQHWZRUNVLQFHWKHUH LVQREXONPDVV
WUDQVSRUW &U\VWDOOLVDWLRQPD\DOVRWDNHSODFHGXULQJJHODJHLQJ$OODJHLQJSKH
QRPHQDPHQWLRQHGDERYHKDYHDVWURQJLQIOXHQFHRQWKHGU\LQJSURFHVV$VWUHQJWK
HQHGQHWZRUNFDQZLWKVWDQGWKHKLJKFDSLOODU\IRUFHVZKLFKDUHDFWLYHGXULQJGU\LQJ
DQGFDQ\LHOGLQDKLJKO\SRURXVSRZGHU7KLVLVEHQHILFLDOIRUD/L06L2FDWKRGH
VLQFHWKHKLJKVXUIDFHDUHDRIDQDQRVL]HGSRURXVSRZGHUFDQRYHUFRPHWKHORZLRQLF
FRQGXFWLYLW\RIWKHRUWKRVLOLFDWHVE\PLQLPLVLQJWKHPHDQGLIIXVLRQOHQJWK
*HOGU\LQJ
3ULRU WR DQ\ DQQHDOLQJ D JHO QHHGV WR EH GHVLFFDWHG 7KH GHVLFFDWHG JHO LV WHUPHG
[HURJHOZKHQGHVLFFDWLRQLVSHUIRUPHGDWVXEFULWLFDOFRQGLWLRQVZKLFKDOORZVKULQNDJH
RIWKHQHWZRUN7KHGU\LQJSURFHVVFDQEHGLYLGHGLQWRWZRPDLQVWDJHVQDPHO\WKH
FRQVWDQWUDWHSHULRG&53DQGWKHIDOOLQJUDWHSHULRG)53
'XULQJWKH&53WKHJHOVXUIDFHLVDOZD\VZHWVRWKHPHQLVFXVRIWKHOLTXLGYDSRXU
LQWHUIDFHLVIL[HGWRWKHJHOVXUIDFH7KHVKULQNDJHRIWKHJHOLVHTXDOWRWKHYROXPHRI
OLTXLGHYDSRUDWHG/LTXLGIORZVIURPWKHLQVLGHWRWKHVXUIDFHRIWKHJHOWRNHHSWKH
VXUIDFHZHWWHGVLQFHFDSLOODU\IRUFHVDQGDGVRUSWLRQZRUNDJDLQVWDQH[SRVXUHRIWKH
VROLGVXUIDFH7KLVUHVXOWVLQWKHIRUPDWLRQRIFRQFDYHPHQLVFL$VDUHVXOWWKHOLTXLG
LVLQWHQVLRQFRXQWHUEDODQFHGE\WKHJHOLQFRPSUHVVLRQ7KHVRIWVWUXFWXUHRIWKHJHO
FDXVHVLWWRFRQWUDFWLQWRWKHOLTXLGILOOHGSRUHV,QWKH&53WKHUDGLLRIWKHPHQLVFL
DUHODUJHUWKDQSRUHUDGLLEXWGHFUHDVLQJLQVL]HZKLOHWKHJHOQHWZRUNEHFRPHVVWLIIHU
GXHWRWKHUHGXFHGSRURVLW\DVGU\LQJSURFHHGV
7KHIRUFHVRQWKHJHOQHWZRUNDUHPD[LPLVHGDWWKHHQGRIWKH&53ZKHQWKHUDGLLRI
WKHPHQLVFLEHFRPHHTXDOWRWKHSRUHUDGLL7KLVVWDJHLVFDOOHGWKHFULWLFDOSRLQW$
KLJKO\ SRURXV VWUXFWXUHPLJKW FROODSVH GXH WR WKH HQRUPRXV FDSLOODU\ IRUFHV DW WKH
FULWLFDOSRLQW7KHUHIRUHLIDSRURXVVWUXFWXUHLVUHTXHVWHGJHODJHLQJSULRUWRGU\LQJ
LVUHTXLUHGWRVWUHQJWKHQWKHQHWZRUN
$IWHUWKHFULWLFDOSRLQWWKHOLTXLGPHQLVFLPRYHLQWRWKHSRUHVRIWKHQHWZRUNGXULQJ
WKH )53 )XUWKHU GU\LQJ PHFKDQLVPV GXULQJ WKH )53 DUH IOXLG IORZ DQG YDSRXU
SKDVHGLIIXVLRQ
&KDSWHU%ULHIGHVFULSWLRQRIWKHDSSOLHG6\QWKHVLVPHWKRGV


/LTXLG)HHG)ODPH6SUD\3\URO\VLV
/LTXLGIHHG IODPH VSUD\ S\URO\VLV /))63 LV D UHODWLYHO\ QHZ SURFHGXUH IRU WKH
SUHSDUDWLRQ RI QDQRSDUWLFOHV ,W LV VR WR VSHDN WKH ORJLFDO DGYDQFH RI ZHOONQRZQ
IODPHSURFHVVHVOLNHIODPHK\GURO\VLVZKLFKLVXVHGIRUWKHFRPPHUFLDOSURGXFWLRQRI
VRRWFDUERQEODFNS\URJHQLFVLOLFDWLWDQLDDQGRWKHUR[LGHV7KHPDLQLVVXH
ZLWK IODPHK\GURO\VLVSURGXFWLRQRIR[LGHPDWHULDOV LVWKHQHHG IRUDYRODWLOHPHWDO
KDORJHQLGH6L&O7L&ODQGWKHUHOHDVHRIJDVHRXV+&O/))63E\SDVVHVWKHVHLV
VXHV E\ XVLQJ OLTXLG SUHFXUVRUV 'XULQJ WKH /))63 SURFHVV D OLTXLG SUHFXUVRU LV
SXPSHG WKURXJK D QR]]OH ZKHUH LW JHWV QHEXOLVHG E\ D GLVSHUVLRQ JDV VWUHDP DQG
IRUPVDQDHURVRO7KHGLVSHUVLRQJDVRIWHQ2DOVRDFWVDVDQR[LGLVHU$ORQJVLGHWKH
QR]]OHLVWKHEXUQHUZKHUHDIODPHLVIHGE\DFRQVWDQWIORZRIIXHO&+&++
DQGR[LGLVHU2DLU7KHDHURVROGURSOHWVHYDSRUDWHDQGFRPEXVWDQGIRUPDVHOI
VXVWDLQLQJIODPH$IWHUOHDYLQJWKHIODPHWKHSRZGHULVJXLGHGWRDILOWHUE\DQDLU
VWUHDP

)LJXUH3DUWLFOHIRUPDWLRQDQGJURZWKGXULQJOLTXLGIHHGIODPHVSUD\
S\URO\VLV
8VXDOO\ LQ /))63 SURFHVVHV RUJDQRPHWDOOLF FRPSRXQGV VXFK DV PHWDO DONR[LGHV
FDUER[\ODWHVDFHW\ODFHWRQDWHVDQGDFHWDWHVDUHGLVVROYHGLQRUJDQLFFRPEXVWLEOHOLT
XLGVOLNHHWKDQROWROXHQH[\OHQHDQGDFHW\ODFHWRQH6LPSOHPHWDOQLWUDWHVFDQDOVR
EHDSSOLHGDV ORQJ WKH\DUH VROXEOH LQD FRPEXVWLEOHPHGLD IRU H[DPSOHDQHWKDQRO
&KDSWHU%ULHIGHVFULSWLRQRIWKHDSSOLHG6\QWKHVLVPHWKRGV


ZDWHUPL[WXUHي'XULQJ/))63QRWRQO\GRWKHIXHOR[LGLVHUDQGEXUQHUJHRP
HWU\ FRQWURO WKH IODPH WHPSHUDWXUHEXW DOVR WKH FRPEXVWLRQRI WKHSUHFXUVRU OLTXLG
LWVHOI7KHWHPSHUDWXUHZKLFKFDQEHZHOODERYHr&IRUSDUWLFOHORDGHG&+2
IODPHVDQGWKHUHVLGHQFHWLPHDUHWKHPRVWLPSRUWDQWIDFWRUVFRQWUROOLQJWKHUHVXOW
LQJ SDUWLFOH PRUSKRORJ\  )LJXUH  LOOXVWUDWHV WKH SDUWLFOH IRUPDWLRQ DQG
JURZWKPHFKDQLVPVGXULQJ/))63
7KHHOHYDWHGWHPSHUDWXUHVGXULQJFRPEXVWLRQLGHDOO\OHDGWRWKHIRUPDWLRQRIDKR
PRJHQHRXV JDV SKDVHPRQRPHUZKLFK IRUPV WKH ILUVW QXFOHL 7KHVH QXFOHL JURZ E\
FROOLVLRQV ZLWK DGGLWLRQDOPRQRPHUV DQG ILQDOO\ FRDOHVFH DQG IRUP QHDUO\ VSKHULFDO
SULPDU\SDUWLFOHV7KHSULPDU\SDUWLFOHVIXUWKHUGHYHORSE\VXUIDFHJURZWKDQGFRDJ
XODWLRQ DQG FRDOHVFHQFH E\%URZQLDQPRWLRQ IRUPLQJ IUDFWDO VWUXFWXUHV7KHVH WRR
PHUJHDQGILQDOO\EXLOGIUDFWDODJJUHJDWHVZKLFKFDQEHKHOGWRJHWKHUE\HLWKHUYDQ
GHU:DDOVIRUFHVVRIWRUVLQWHUQHFNVKDUG)LQDOO\SDUWLFOHJURZWKEHFRPHV
VOXJJLVKDQGKDOWVZKHQWKHWHPSHUDWXUHEHFRPHVPXFKORZHUIXUWKHUDZD\IURPWKH
IODPHFRPSDUDEOHWRDTXHQFKLQJPHFKDQLVP
,QWKLVVWXG\IRUWKHIODPHGULYHQV\QWKHVLVRI/L06L2FRPSRXQGVPHWDOQLWUDWHV
DQG WHWUDHWK\O RUWKRVLOLFDWH ZHUH GLVVROYHG LQ HWKDQROZDWHU DQG HWKDQROS[\OHQH
ZLWKUDWLRVRI7KHVROXWLRQVZHUHVSUD\HGLQWRD&+2IORZUDWH/PLQ
IODPH DW D FRQVWDQW VROXWLRQ DQG GLVSHUVLRQ JDV 2 IORZ UDWH RI P/PLQ 7KH
SUHVVXUHGURSGLVSHUVLRQJDVDWWKHQR]]OHWLSZDVVHWWR׽EDU7KHH[WUHPHO\
VKRUWUHVLGHQFHWLPHDQGWKHH[WUHPHO\KLJKWHPSHUDWXUHKLQGHUWKHIRUPDWLRQRIWKH
RUWKRVLOLFDWH SKDVH ZKLFK XVXDOO\ RFFXUV DW WHPSHUDWXUHV RI  r& DQG SUR
ORQJHGGZHOOWLPHV(YHQWKRXJKUHGXFLQJIODPHVRULQHUWVKLHOGLQJJDVHVDUHDSSOL
FDEOHGXULQJ/))63QRVXFKH[SHULPHQWVZHUHFDUULHGRXWGXHWRWKHULVNRIIXOO\
UHGXFLQJWKHWUDQVLWLRQPHWDO
3KDVHIRUPDWLRQDQGFDUERQFRDWLQJ
7KH UHVXOWLQJ GULHG [HURJHOV IURP WKH 39$ DVVLVWHG VROJHO URXWH ZHUH DPRUSKRXV
PXOWLSKDVH FRPSRXQGV ZLWK KLJK FRQWHQWV RI RUJDQLF UHVLGXHV DQG XQUHDFWHG QL
WUDWHV,QVRPHFDVHVPLQRUSUHFLSLWDWLRQRI/L12ZDVDOVRREVHUYHG$FDOFLQDWLRQ
VWHSLVKHQFHQHFHVVDU\WRHOLPLQDWHWKHVHUHVLGXHVDQGQLWUDWHV7KLVVWHSJLYHVDEHW
WHUFRQWUROIRUWKHPDVVUDWLRRIDFWLYHPDWHULDOWRWKHFDUERQIRUPHU.QRZOHGJHRE
WDLQHG SUHYLRXVO\ LQ WKH UHVHDUFK JURXS VKRZHG WKDW GHFRPSRVLWLRQ LV ILQDOLVHG DW
WHPSHUDWXUHVr&$FFRUGLQJO\WKH[HURJHOVZHUHFDOFLQHGDWr&IRUK
LQDLURU+$U7KHUHGXFLQJDWPRVSKHUHGXULQJFDOFLQDWLRQZDVFKRVHQWR
KLQGHU0QR[LGDWLRQXSRQQLWUDWHGHFRPSRVLWLRQDQGWRSUHVHUYHWKHFDUERQRI WKH
&KDSWHU%ULHIGHVFULSWLRQRIWKHDSSOLHG6\QWKHVLVPHWKRGV


RUJDQLFUHVLGXH7KH/))63SRZGHURQWKHRWKHUKDQGGRHVQRWUHTXLUHDQ\FDOFLQD
WLRQVLQFHLWFRQVLVWVRIPL[HGR[LGHVDQGPLQRUDPRXQWVRIFDUERQDWHV
3ULRUWRWKHILQDOKHDWWUHDWPHQWWKHVDPSOHVZHUHPL[HGZLWKWKHFDUERQIRUPHU,Q
WKLV VWXG\WKH FDUERQ IRUPHUZDVFRUQVWDUFKZKLFKZDVFKRVHQEDVHGRQSUHYLRXV
H[SHULHQFHORZSULFHDQGHDVHRIKDQGOLQJ7KHFDUERQIRUPHUZDVPL[HGZLWKWKH
RUWKRVLOLFDWHSUHFXUVRUXVLQJ WZRGLIIHUHQWPHWKRGV$OO VROJHOSRZGHUVZHUH LQWHQ
VLYHO\ZHWPRUWDUHGZLWKFRUQVWDUFKXVLQJHWKDQRODVGLVSHUVDQW7KH/))63SRZ
GHUVRQWKHRWKHUKDQGZHUHH[WUHPHO\YROXPLQRXVDQGIOXII\ZKLFKPDGHKRPRJHQL
VDWLRQE\PRUWDULQJSUREOHPDWLF7KH/))63SRZGHUVZHUH LQVWHDGPL[HGE\ZHW
EDOO PLOOLQJ RQ D UROOHU EHQFK 7KH SRZGHU DQG FRUQVWDUFK ZHUH PL[HG ZLWK DQ
HTXLYDOHQWYROXPHRI<6=JULQGLQJEDOOV PP HWKDQRODVGLVSHUVDQWDQGEDOO
PLOOHG IRU DSSUR[LPDWHO\  K WR HQVXUH KRPRJHQLVDWLRQ $IWHUZDUGV WKH SRZGHUV
ZHUHGULHGDQGKHDWWUHDWHGLQDWXEXODUIXUQDFHDWWHPSHUDWXUHVEHWZHHQr&
IRUDSHULRGRIKRXUVXQGHUDFRQVWDQWIORZRI+$U+$URU
$U
,QDGGLWLRQWRWKHWHPSHUDWXUHWKHJDVFRPSRVLWLRQDQGIORZKDYHDPDMRULPSDFWRQ
SKDVHIRUPDWLRQDQGSXULW\)HHVSHFLDOO\LVYHU\VHQVLWLYHWRWKHOHYHORIS2)HLV
FRPPHUFLDOO\SURGXFHGE\FDUERWKHUPDOUHGXFWLRQRI)HFRQWDLQLQJRUHVLQEODVWIXU
QDFHVDQGWKHWKHUPRG\QDPLFVWDELOLW\UHJLRQRIGLYDOHQW)HDWHOHYDWHGWHPSHUDWXUHV
LV H[WUHPHO\ OLPLWHG DV VKRZQ LQ WKH R[\JHQ SDUWLDO SUHVVXUH  WHPSHUDWXUH SKDVH
GLDJUDPRIWKH)H2V\VWHPLQ)LJXUH

)LJXUH7HPSHUDWXUHSUHVVXUHSKDVHGLDJUDPFDOFXODWHGIRUWKH)H2V\VWHP

&KDSWHU%ULHIGHVFULSWLRQRIWKHDSSOLHG6\QWKHVLVPHWKRGV


7KH VLOLFDWH VWUXFWXUHPLJKW VWDELOLVH WKHGLYDOHQW)HEXW WKHS2QHHGV WREH FRQ
WUROOHGE\WKHJDVIORZDQGDPRXQWRIFDUERQIRUPHUWRKLQGHU)HUHGXFWLRQ5HGXF
WLRQRI0QRQWKHRWKHUKDQGGRHVQRWRFFXUVLQFHHOHPHQWDU\0QLVQRWWKHUPRG\
QDPLFDOO\VWDEOHXQGHUWKHJLYHQERXQGDU\FRQGLWLRQV,QFRQWUDVWWR)HDPRUH
UHGXFLQJDWPRVSKHUHUHVXOWHGLQKLJKHUSKDVHSXULWLHVRIWKH/L0Q6L2VDPSOHVV\Q
WKHVLVHGLQWKLVVWXG\
 
&KDSWHU%ULHIGHVFULSWLRQRIWKHDSSOLHG6\QWKHVLVPHWKRGV



&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


 6XPPDU\RIWKHPDLQUHVXOWV
)RUHZRUG
7KHIROORZLQJFKDSWHUVXPPDULVHVDQGGLVFXVVHVWKHPDLQILQGLQJVRIWKHSDSHUVWKH
GLVVHUWDWLRQLVFRPSRVHGRI7KHFKDSWHULVGLYLGHGLQWRVHFWLRQVZKHUHVHFWLRQLV
GHGLFDWHGWRWKHPDLQILQGLQJVRIHDFKSDSHU$OOUHVXOWVDFKLHYHGLQWKLVVWXG\DQGD
PRUHWKRURXJKGLVFXVVLRQFDQEHIRXQGLQWKHFRUUHVSRQGLQJSDSHUV
6\QWKHVLVRI/L0Q6L2E\DQDFLGLF39$DVVLVWHG
VROJHOPHWKRG
7KHILUVWREMHFWLYHRIWKLVVWXG\ZDVWRHODERUDWHDZHWFKHPLFDOSURFHVVZKLFKDO
ORZVWKHV\QWKHVLVRIKLJKO\SKDVHSXUH/L0Q6L2ZLWKDGHVLUHGSRURXVQDQRVWUXF
WXUH$VROJHOPHWKRGEDVHGRQPHWDOQLWUDWHVDQGWHWUDHWK\ORUWKRVLOLFDWHZDVFKR
VHQDVDQDGHTXDWHDQGFRQWUROODEOHV\QWKHVLVPHWKRG,QFKDSWHUWKHLPSRUWDQFHRI
WKHS+YDOXHRQWKHUHVXOWLQJJHOZDVGHVFULEHGDQGIRU0QFKHPLVWU\DORZS+YDO
XHLVFUXFLDOWRKLQGHUR[LGDWLRQDQGSUHFLSLWDWLRQRI0QK\GUR[LGHV3RO\YLQ\ODOFR
KROZDV FKRVHQ DV D FRPSOH[LQJ DJHQW WR SURPRWH D KRPRJHQHRXV QHWZRUN ,WZDV
IRXQGWKDWWKHDPRXQWRI39$KDVWREHOLPLWHGWRVXSSUHVVDVSRQWDQHRXVFRPEXV
WLRQRIWKHJHOXSRQGU\LQJ7KHJHOOHGVROXWLRQVZHUHDJHGIRUKWRLQFUHDVHWKH
VWUHQJWKRIWKHQHWZRUNLQRUGHUWRZLWKVWDQGWKHIRUFHVXSRQGU\LQJDQGKHQFHUHVXOW
LQKLJKO\SRURXVQDQRVWUXFWXUHV7KHGULHGJHOVZHUHFDOFLQHGWRGHFRPSRVH WKHRU
JDQLF39$PDWUL[ DQG WKHQLWUDWHV'XULQJ WKH ILUVW FDOFLQDWLRQ WKHS2 VKRZHGD
VWURQJLPSDFWRQWKHSKDVHSXULW\RIWKHILQDOSRZGHUVVLQFHDKLJKS2ZRXOGSUR
PRWHWKHR[LGDWLRQRI0QWRKLJKHUYDOHQFHVDQGWKHFRPSOHWHUHPRYDORIWKHFDUERQ
FRQWDLQLQJPDWUL[E\FDUERQR[LGDWLRQWR&2DQG&2
 
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


,Q DGGLWLRQ WR WKH FDUERQ UHVLGXHV IURP WKH WKHUPDO S\URO\VLV YDU\LQJ DPRXQWV RI
FRUQVWDUFKZHUH DGGHG WR IRUP D FDUERQ FRDWLQJ7KLVPL[WXUHZDV ILQDOO\ KHDWHG
XQGHULQHUWDQGUHGXFLQJDWPRVSKHUHVWRREWDLQKLJKO\SRURXVQDQRVL]HGDQGFDUERQ
FRDWHG/L0Q6L2FRPSRXQGV$OVRKHUHDKLJKLPSDFWRIWKHS2WRZDUGVWKHSKDVH
IRUPDWLRQZDVGHWHFWHG7KHS2LVLQWKLVFDVHJRYHUQHGE\WKHDSSOLHGDWPRVSKHUH
DQG IORZ UDWH DVZHOO DV E\ WKH%RXGRXDUG UHDFWLRQ DQGKHQFH WKH DPRXQWRI WKH
FDUERQVRXUFHHPSOR\HG+LJKHVWSKDVHSXULWLHVZHUHDFKLHYHGXVLQJ+LQ$UDQG
FRUQVWDUFKDPRXQWVZW7KHVWUXFWXUDOPRGHORI/L0Q6L2DGRSWLQJD̞,,
/L32VWUXFWXUHVXJJHVWHGE\'RPLQNRHWDOZDVFRQILUPHGE\DIXOOSDWWHUQUH
ILQHPHQW$VOLJKWO\VLPSOLILHGGHVFULSWLRQVXJJHVWHGE\/LHWDODQGODWHUE\6DWR
HWDOZDVXVHGDVWKHVWDUWLQJSRLQWIRUWKHUHILQHPHQW7KHUHILQHGSRZGHU;UD\
GLIIUDFWLRQSDWWHUQDQGWKHVWUXFWXUDOSDUDPHWHUVDUHJLYHQLQ)LJXUHDQG7DEOH
UHVSHFWLYHO\
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 Calculated
 Difference
 Pmn21
 Li2SiO3
 MnO
Mo Kα radiation
Rwp = 4.144
Li
2
MnSiO
4
 + 25% starch
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
)LJXUH)XOOSDWWHUQUHILQHPHQWRID/L0Q6L2VDPSOHFRQWDLQLQJZW
FRUQVWDUFKKNOYDOXHVRI3PQ/L0Q6L2/L6L2DQG0Q2DUHLQFOXGHG
 
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


7DEOH  6WUXFWXUDO SDUDPHWHUV REWDLQHG IURP 5LHWYHOG UHILQHPHQW RI
/L0Q6L2

6SDFHJURXS3PQ
D 
E 
F 

$WRP :\FNRII [ \ ] $WRP 2FF %
/L E    /L  
0QRQ
/L
E    0Q  
0Q D    0Q  
6L D    6L  
2 E    2  
2 D    2  
2 D    2  
$OPRVWQR/L0QDQWLVLWHGHIHFWVGHWHFWDEOH8QGHUHVWLPDWLRQRIWKHD0QRFFXSDQF\

7KH UHILQHG GDWD ILWV ZHOO ZLWK GDWD IURP WKH OLWHUDWXUH FRQILUPLQJ WKH3PQ ̞,,
VWUXFWXUH1RWHZRUWK\LVWKDWWKHDRFFXSDQF\RI0QLVVOLJKWO\XQGHUHVWL
PDWHGZLWKRXWVKRZLQJKLJKDPRXQWVRI/L0QDQWLVLWHGHIHFW%XWLWKDVWREHNHSW
LQPLQGWKDWWKHSRZGHUVDPSOHZDVSUHSDUHGDVDFWLYHFDWKRGHPDWHULDODQGQRWIRU
VWUXFWXUDO UHILQHPHQWV7KHQDQRVWUXFWXUHDQGWKHDPRUSKRXVFDUERQFRQWHQWKHQFH
OLPLW WKH DELOLW\ RI VWUXFWXUDO UHILQHPHQWV 3RZGHU ;UD\ GLIIUDFWLRQ SDWWHUQV RI
/L0Q6L2VDPSOHVXVLQJYDU\LQJDPRXQWVRIFRUQVWDUFKDVFDUERQVRXUFHDQGWKH
FDOFXODWHGSKDVHIUDFWLRQVDUHJLYHQLQ)LJXUH7KHVDPSOHVZLWKDORZDPRXQWRI
FRUQVWDUFK VKRZHG WUDFHV RI0Q6L2 DQG /L6L2 'LIIUDFWLRQ OLQHV ZKLFK FDQ EH
DWWULEXWHGWRD̟,,3PQESRO\PRUSKRI/L0Q6L2ZHUHDOVRSUHVHQW+LJKHUFRUQ
VWDUFKDPRXQWVUHVXOWHGLQKLJKSKDVHSXULWLHVRI̞,,/L0Q6L2DQGPLQRUWUDFHVRI
0Q2
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


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 15 wt. % corn-starch
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Corn-starch added [wt.%]
a)

)LJXUH3RZGHU;5'SDWWHUQVDDQGFDOFXODWHGSKDVHIUDFWLRQVERI
/L0Q6L2VDPSOHVZLWKYDU\LQJFRUQVWDUFKDPRXQWV0DUNHUVVKRZWKHYLVLEOH
SHDNVRIWKHVHFRQGDU\SKDVHVDQGWKHʪ,,SRO\PRUSKRI/L0Q6L23PQE
3')0Q23')/L6L23')
0Q6L23')
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


7KH DGGLWLRQ RI WKH FDUERQ VRXUFH DOVR LQIOXHQFHG WKHPRUSKRORJ\ RI WKH UHVXOWLQJ
SRZGHUV7RFKDUDFWHULVHWKHDFWLYHVXUIDFHDUHDH[WHUQDOVXUIDFHDUHDRIWKHPDWHUL
DOVWKHDPRXQWRIVXUIDFHDUHDDWWULEXWHGWRPLFURSRURVLW\QPKDVWREHVXE
WUDFWHG IURPWKH%(7VXUIDFHDUHDDFFRUGLQJ WR7SORW WKHRU\7KH VXUIDFHDUHDRI
WKHVDPSOHVDQGWKHFDUERQFRQWHQWLQFOXGLQJWKHFRUUHODWLRQRIFDUERQFRQWHQWDQG
PLFURSRURVLW\LVVKRZQLQ)LJXUH7KHFDUERQLVLQJDGGLWLYHZDVVKRZQWRKLQGHU
SDUWLFOHJURZWKDQGWKHH[WHUQDOVXUIDFHDUHDVDWXUDWHVIRUFRUQVWDUFKDPRXQWVDERYH
ZW7KHPLFURSRURVLW\ LV LQFUHDVLQJZLWK LQFUHDVLQJFRUQVWDUFKFRQWHQW)XU
WKHUPRUH)LJXUHVKRZVWKHPLFURSRURVLW\WRVWURQJO\FRUUHODWHZLWKWKHPHDVXUHG
FDUERQ FRQWHQW DIWHU WKH UHGXFLQJ KHDW WUHDWPHQW+HQFH WKHPLFURSRURVLW\ LQ WKH
VDPSOHLVFDXVHGE\WKHFDUERQFRDWLQJ7KLVLVLQDJUHHPHQWZLWK7(0REVHUYDWLRQV
SRLQWLQJRXWWKHSRURXVQDWXUHRIWKHFRDWLQJDQGZWFRUQVWDUFKDGGLWLRQ
UHVXOWHGLQDQGZWFDUERQDFHRXVUHVLGXHUHVSHFWLYHO\:KLOHWKHODWWHUYDOXH
ZRXOG EH EHQHILFLDO IRU WKH FRQGXFWLRQ RI HOHFWURQV LW UHGXFHV WKH JUDYLPHWULF DQG
HVSHFLDOO\WKHYROXPHWULFDPRXQWRIDFWLYHPDWHULDOLQWKHFRPSRXQG
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


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a)

)LJXUHD%(7VXUIDFHDUHDGLYLGHGLQWRH[WHUQDODUHDDQGPLFURSRUHDUHDRI
/L0Q6L2VDPSOHVZLWKYDU\LQJDGGLWLRQRIFRUQVWDUFKSULRUWRDQQHDOLQJ7KH
LQVHWVKRZVD7(0PLFURJUDSKRIDVDPSOHFRQWDLQLQJZWFRUQVWDUFKE
5HVXOWLQJFDUERQFRQWHQWOHIWRUGLQDWHEODFNWULDQJOHVDQGWKHFRUUHODWLRQWR
WKHPLFURSRURVLW\ULJKWRUGLQDWHEOXHFLUFOHVYDOXHV
7KHJDOYDQRVWDWLFF\FOLQJFXUYHVRIDOOVDPSOHVDUHVKRZQLQ)LJXUHD7KHDS
SOLHGFXUUHQWGHQVLW\ZDVP$J/L0Q6L2LVDUDWKHUSRRUHOHFWURQLFFRQGXFWRU
·ڀ6FPڀDWr&KHQFHRQO\PLQRUHOHFWURFKHPLFDODFWLYLW\ZDVGHWHFWHGIRU
VDPSOHVZLWK QR RUPLQRU FDUERQ FRQWHQW7KH KLJKHVW GLVFKDUJH FDSDFLW\ZDV RE
VHUYHGIRUWKHZWFRUQVWDUFKVDPSOH+LJKHUFRUQVWDUFKDPRXQWVFDXVHGWKH
FDSDFLW\WRGHFUHDVHDJDLQ
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


0 20 40 60 80 100 120 140
1.5
2.0
2.5
3.0
3.5
4.0
4.5
b)
a)
2nd cycle
 
 
 
V
ol
ta
ge
 [V
]
Specific capacity [mAhg-1 composite]
 0% starch
 5% starch
 15% starch
 25% starch
 35% starch
 45% starch
 50% starch
1st cycle
0 20 40 60 80 100 120 140 160
1.5
2.0
2.5
3.0
3.5
4.0
4.5
 
 
Vo
lta
ge
 [V
]
Specific capacity [mAhg-1 active material]
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Cycle number
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c)

)LJXUHD)LUVWDQGVHFRQGJDOYDQRVWDWLFF\FOHRIWKH/L0Q6L2VDPSOHV
ZLWKYDU\LQJFRUQVWDUFKDPRXQW7KHPHDVXUHPHQWZDVFDUULHGRXWDWURRP
WHPSHUDWXUHDQGDFXUUHQWGHQVLW\RIP$JLQWKHSRWHQWLDOZLQGRZIURP
WR9E)LUVWJDOYDQRVWDWLFF\FOHRIWKHVDPSOHVFRQWDLQLQJDQG
ZWFRUQVWDUFK1RWH+HUHWKHFDUERQFRQWHQWSUHVHQWHGLQ)LJXUHZDV
VXEWUDFWHGIURPWKHVDPSOHPDVVF'LVFKDUJHFDSDFLW\HYROXWLRQRIDOOVDPSOHV
GXULQJF\FOHV)LUVWF\FOHVDWP$JWKHIROORZLQJF\FOHVDWP$J
DQGWKHILQDOF\FOHVDJDLQDWP$J
$OOVDPSOHVVKRZHGDSURPLQHQW LUUHYHUVLEOH ORVVGXULQJWKH ILUVWF\FOH7KLV ORVVRI
XSWRFDQQRWEHVROHO\H[SODLQHGE\VLGHUHDFWLRQVOLNHWKHR[LGDWLYHHOHFWURO\WH
GHFRPSRVLWLRQ )XUWKHUPRUH D VLJQLILFDQW GLIIHUHQFH LQ WKH FKDUJH DQG GLVFKDUJH
FXUYH SURILOHVZDV SUHVHQW 7KH FKDUJH SURILOH UHDVVHPEOHV D SODWHDX OLNH SURILOH DW
SRWHQWLDOV!9$JDLQVWWKDWWKHGLVFKDUJHSURILOH LVVWURQJO\VORSLQJ7KHGRPL
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


QDQW ORVV LQ FRPELQDWLRQ ZLWK D VWURQJO\ VORSLQJ GLVFKDUJH SURILOH LQGLFDWHV VHYHUH
VWUXFWXUDOFKDQJHVXSRQF\FOLQJ'RPLQNRFRQILUPHGWKHDPRUSKLVDWLRQRIWKHVWUXF
WXUHXSRQILUVWR[LGDWLRQE\;UD\GLIIUDFWLRQ7KLVDPRUSKRXVVWUXFWXUHVHHPVWR
QRWDOORZIXOOUHOLWKLDWLRQ$GGLWLRQDOO\LQWKHDPRUSKRXVVWDWHWKHFRQQHFWLYLW\DQG
RULHQWDWLRQRIWKHWHWUDKHGUDPD\EHDOWHUHG7KHUHGR[SRWHQWLDORIDWUDQVLWLRQPHW
DO LVVWURQJO\ LQIOXHQFHGE\WKH LRQRFRYDOHQWFKDUDFWHUDQGKHQFH LWVFKHPLFDOHQYL
URQPHQW ,Q WKH̞,,SRO\PRUSKHDFK0Q LVERXQGWR6L2JURXSVZKLFKUDLVH WKH
UHGR[SRWHQWLDORI0QE\DQLQGXFWLYHHIIHFW$FKDQJHLQFRQQHFWLYLW\DQGFKHPL
FDO HQYLURQPHQW ZRXOG FDXVH YDULDWLRQV LQ ORFDO UHGR[ SRWHQWLDOV DQG KHQFH ZRXOG
H[SODLQWKHVWURQJO\VORSLQJFXUYH7ULYDOHQW0QLVZHOONQRZQWREH-DKQ7HOOHUDF
WLYHLQDQRFWDKHGUDOFU\VWDOILHOG,QDWHWUDKHGUDOHQYLURQPHQWWKHWULSO\GH
JHQHUDWHGWVWDWHVDUHKLJKHULQHQHUJ\WKDQWKHGRXEO\GHJHQHUDWHGHJVWDWHV6LQFH
WKHFU\VWDO ILHOGHQHUJ\ LQDWHWUDKHGUDO ILHOG LV ORZHU WKDQWKHVSLQSDLULQJHQHUJ\
WKHHOHFWURQVRI$UG LRQ0QZRXOG VLQJO\RFFXS\ WKHHJDQGRI WKH W OHYHOV
DFFRUGLQJWR+XQGَVUXOHV7KLVHQHUJHWLFDOO\XQIDYRXUDEOHVWDWHZRXOGOHDGWRVWURQJ
GLVWRUWLRQVXQGFRXOGUHVXOWLQFKDQJHVLQWKH0QFRRUGLQDWLRQ7KLVEHKDYLRXULVDOVR
SUHGLFWHGE\FRPSXWDWLRQDOVWXGLHV8SRQWKHVHFRQGR[LGDWLRQWKHFKDUJHSUR
ILOH VKRZHG D VWHHS VORSH DVZHOO7KH GHFUHDVHGSHUIRUPDQFH DW KLJKHU FRUQVWDUFK
DPRXQWVLVFDXVHGE\WKHUHGXFHGDPRXQWRIDFWLYHPDWHULDOLQWKHFRPSRVLWH)LJXUH
EVKRZVWKHILUVWF\FOHRIWKHDQGZWVDPSOHVZLWKVXEWUDFWHG
FDUERQ FRQWHQW7KH FXUYHV ORRNQHDUO\ LGHQWLFDO DQG UHDFKDGLVFKDUJH FDSDFLW\ RI
DERXWP$KJ7KLVYDOXHFRUUHVSRQGVWRWKHH[FKDQJHRI/LSHUWUDQVLWLRQ
PHWDOFDWLRQDQGIXUWKHUVXJJHVWVWKDWZWFRUQVWDUFKLVVDWLVIDFWRU\WREXLOG
XSDFDUERQFRDWLQJZLWKDVXIILFLHQWHOHFWURQLFFRQGXFWLYLW\DWVORZFKDUJHUDWHV
6DPSOHV FRQWDLQLQJDQGZW FRUQVWDUFKZHUH DOVR F\FOHGDWD ORZFXUUHQW
GHQVLW\RIP$JWRDKLJKHUFXWRIIYROWDJHRI97KHVHPDWHULDOVUHDFKHGFD
SDFLWLHVRIP$KJDQGP$KJRQWKHILUVWGLVFKDUJHUHVSHFWLYHO\ZKHQWKH
DPRXQW RI FDUERQ ZDV VXEWUDFWHG IURP WKH VDPSOH PDVV 7KH FRUUHVSRQGLQJ ILUVW
FKDUJHFDSDFLW\ZDV LQERWK FDVHV FORVH WRP$KJ(YHQ WKRXJKVLGH UHDFWLRQV
ZLOO DFFRXQW IRU D SDUW RI WKH FKDUJH FDSDFLW\ DW WKHVH KLJK SRWHQWLDOV WKH YDOXHV
VWURQJO\VXJJHVWWKDWPRUHWKDQ/LSHUIRUPXODXQLWZHUHH[WUDFWHG
$W D KLJKHU FXUUHQW GHQVLW\ WKH VDPSOHV ZLWK FRUQVWDUFK DPRXQWV !  ZW 
VKRZHGDKLJKHUFDSDFLW\DVVHHQLQ)LJXUHF7KLVVXJJHVWVWKDWWKHHOHFWURQLF
FRQGXFWLYLW\WREHUDWHOLPLWLQJIRUWKHZWFRUQVWDUFKVDPSOHVDWKLJKHUFXU
UHQWGHQVLWLHV2YHUDOODOOVDPSOHVUHJDUGOHVVRIFDUERQFRQWHQWVXIIHUHGIURPVWHDG\
FDSDFLW\GHFD\)LJXUHVKRZVWKHORQJWHUPSHUIRUPDQFHRIWKHDQGWKHZW
FRUQVWDUFKVDPSOHVDWDFXUUHQWGHQVLW\RIP$JLQDSRWHQWLDOZLQGRZRI
97KH FHOOVZHUH F\FOHG IRU  F\FOHV DQGZKLOH WKH FRXORPELF HIILFLHQF\ DS
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


SURDFKHVYDOXHVEHWZHHQDQGWKHFDSDFLW\IDGHVUDSLGO\7KHVORSHRIWKH
ZWFRUQVWDUFKVDPSOH LV OHVV VWHHS LQGLFDWLQJWKDWWKHVWUXFWXUDODPRUSKLVDWLRQ
KDVDPRUHSURPLQHQWLPSDFWRQWKH/LH[WUDFWLRQLQVHUWLRQNLQHWLFVRIODUJHUSDUWL
FOHVSUHVHQW LQ WKHZWFRUQVWDUFKVDPSOH8OWLPDWHO\ERWKVDPSOHV ORRVHDO
PRVWDOOWKHLUFDSDFLW\DIWHUF\FOHV
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Cycle number
 25 wt.% corn-starch
 50 wt.% corn-starch
 
  25 wt.% corn-starch
  50 wt.% corn-starch
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bic efficiency [%
]

)LJXUH/RQJWHUPF\FOLQJRI/L0Q6L2VDPSOHVZLWKDQGZWFRUQ
VWDUFKDGGLWLRQDWP$JLQDSRWHQWLDOZLQGRZRI97KHEODFN
RXWOLQHGV\PEROVVKRZWKHGLVFKDUJHFDSDFLW\RQWKHOHIWRUGLQDWHZKLOHWKHEOXH
RXWOLQHGV\PEROVVKRZWKHFRXORPELFHIILFLHQF\RQWKHULJKWRUGLQDWH
 
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


)HDVLELOLW\RIFDWLRQLFVXEVWLWXWLRQVLQ/L0Q6L2
2QEDVLVRIWKHV\QWKHVLVHODERUDWHGLQ3DSHU,FDWLRQVXEVWLWXWHGVDPSOHVZHUHV\Q
WKHVLVHGZLWK WKH DLP WR LQYHVWLJDWH FKDQJHV LQ WKH HOHFWURFKHPLFDO SURSHUWLHV DQG
WKHVWUXFWXUDOVWDELOLW\GXULQJF\FOLQJ7KHVDPSOHVSUHSDUHGLQWKLVVWXG\ZHUHKHDW
WUHDWHGLQDGLIIHUHQWWXEXODUIXUQDFHZKLFKUHVXOWHGLQVOLJKWO\UHGXFHGVXUIDFHDUHD
YDOXHVZLWKFRUUHVSRQGLQJO\VOLJKWO\ORZHUFDSDFLWLHV7ZRGLIIHUHQWVXEVWLWXWHVZHUH
LQYHVWLJDWHGQDPHO\)HDQG97KHIRUPHUZDVVXEVWLWXWHGRQ0QVLWHZKLOH9ZDV
VXEVWLWXWHGRQHLWKHU0QRU6LVLWH
,WZDVSRVVLEOHWRVXEVWLWXWHXSWRPRO0QE\)HXVLQJWKHV\QWKHVLVPHWKRG
GHVFULEHG LQ3DSHU,+LJKHUFRQFHQWUDWLRQVRIWKH)H12SUHFXUVRUFDXVHGDWRR
DFLGLF HQYLURQPHQW DQGGLG QRW VKRZSURSHU JHODWLRQ ,QVWHDG RI D JHO D UHVLQOLNH
YLVFRXVPDVVGHYHORSHGZKLFKGLGQRWOHDGWRWKHGHVLUHGQDQRVWUXFWXUH)HVXEVWLWX
WLRQOHGWRSKDVHSXULW\DVVKRZQLQ)LJXUH$WPRO)HVXEVWLWXWLRQDYHU\
ZHDNVLJQDOFRUUHVSRQGLQJWRHOHPHQWDU\)HFRXOGEHLGHQWLILHGLQWKH;UD\GLIIUDF
WLRQSDWWHUQ LQGLFDWLQJWKDW IXUWKHU LQFUHDVH LQWKH)HVXEVWLWXWLRQ OHYHOZRXOGQRW
RQO\ UHTXLUHDQDOWHUHGV\QWKHVLVEXWDOVRD OHVV UHGXFLQJDWPRVSKHUH$GGLWLRQDOO\
)HVXEVWLWXWLRQVKRZHGDVOLJKWO\QHJDWLYHHIIHFWRQWKHH[WHUQDOVXUIDFHDUHDYDOXHV
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Position 2Θ [°]
hkl LMS Pmn21
hkl Li2SiO3
 hkl MnO
Elementary Fe

)LJXUH3KDVHIUDFWLRQRIWKH)HVXEVWLWXWHGVDPSOHV6HFRQGDU\SKDVHV
SUHVHQWZHUH0Q2DQG/L6L27KHLQVHWVKRZVDPDJQLILHGUHJLRQRIWKHIXOO
SDWWHUQILWLQGLFDWLQJWUDFHVRIHOHPHQWDU\)HLQWKHPRO)HVDPSOH
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


7KH HOHFWURFKHPLFDO SURSHUWLHV RI WKH)H VXEVWLWXWHG VDPSOHVZHUH DVVHVVHGE\ JDO
YDQRVWDWLFF\FOLQJ7KHILUVWJDOYDQRVWDWLFF\FOHRI/L0Q[)H[6L2VDPSOHVZKHUH[
 DQGLVVKRZQLQ)LJXUH7KHFHOOVZHUHF\FOHGDWP$JLQD
SRWHQWLDOZLQGRZRI9
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Capacity [mAhg-1]
 Li2MnSiO4
 Li2Mn0.9Fe0.1SiO4
 Li2Mn0.85Fe0.15SiO4
 Li2Mn0.8Fe0.2SiO4
1st cycle

)LJXUH)LUVWJDOYDQRVWDWLFF\FOHRI/L0Q[)H[6L2VDPSOHV[ 
DQGDWP$J
7KHFKDUJHEHKDYLRXURIWKH)HVXEVWLWXWHGVDPSOHVUHVHPEOHVWKHSURILOHRIWKHUHIHU
HQFH VDPSOH(YHQDWPRO)H VXEVWLWXWLRQQR UHDFWLRQVDW ORZHUSRWHQWLDO DF
FRUGLQJWRWKH)H)HUHGR[FRXSOHFRXOGEHGHWHFWHGGXULQJWKHILUVWFKDUJH2[L
GDWLRQRI)HKHQFHFRXOGKDYHRFFXUUHGDOUHDG\XSRQVWRUDJHRIWKHSRZGHUVSULRUWR
EDWWHU\ IDEULFDWLRQ 7KH GLVFKDUJH UHYHDOHG DFWLYLW\ WKDW FDQ EH DWWULEXWHG WR WKH
)H)HUHGR[FRXSOH'HVSLWHWKHLQFUHDVHGSRODULVDWLRQRIWKHPRO)HVDP
SOH WKH GLVFKDUJH FXUYHV RI WKH )H VXEVWLWXWHG VDPSOHV UHVHPEOH WKH SURILOH RI
/L0Q6L2GRZQWRSRWHQWLDOVRIDERXW9$WWKLVSRLQWDFKDQJHRIVORSHLQWKH
GLVFKDUJHSURILOHRFFXUVIRU/L0Q6L27KHVORSHRIWKH)HVXEVWLWXWHGVDPSOHVVWD\V
DOPRVWXQFKDQJHGDQG MXVW VKRZVDNLQN LQ WKH VORSHDWSRWHQWLDOVFORVH WR FXWRII
7KHGLIIHUHQWSURILOHRIWKHVXEVWLWXWHGVDPSOHVVXJJHVWVWKDWDGLIIHUHQWSURFHVVRF
FXUV LQWKLVUHJLRQ7KHHTXLOLEULXP)H)HUHGR[SRWHQWLDO LQ̞,,/L)H6L2ZDV
PHDVXUHGE\6LULVRSDQDSRUQHWDOXVLQJDJDOYDQRVWDWLFLQWHUPLWWHQWWLWUDWLRQWHFK
QLTXHWREH9,QYHUVLRQRIWKHVWUXFWXUHXSRQF\FOLQJDQGSRODULVDWLRQVFDXVH
D UHGXFHG OLWKLDWLRQ SRWHQWLDO RI DERXW 9 ZKLFK UHVHPEOHV D UHODWLYHO\ IODW
SURILOHRYHUDODUJHFRPSRVLWLRQDOUDQJH,QD0QULFKVROLGVROXWLRQRIWKHJHQ
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


HUDOIRUPXOD/L0Q[)H[6L2WKH)H2XQLWVZRXOGH[SHULHQFHGLVWRUWLRQVFDXVHGE\
WKHGLIIHUHQFHLQLRQLFUDGLLRI0QDQG)H7KHVHGLVWRUWLRQVFRXOGLQIOXHQFHWKHERQG
OHQJWK DQG KHQFH ORZHU WKH )H)H UHGR[ SRWHQWLDO  0RUH LPSRUWDQWO\ WKH
VWUXFWXUDO LQVWDELOLW\ FDXVHG E\ 0Q GHVFULEHG LQ WKH SUHYLRXV FKDSWHU ZLOO FDXVH
FKDQJHVLQWKHFKHPLFDOHQYLURQPHQWRI)HDQGWKXVUHVXOWLQDVORSLQJSURILOHLQWKH
GLVFKDUJHFXUYH IRU WKH)HUHGXFWLRQDVZHOO7KHSHUIRUPDQFHRI WKHPRO)H
VDPSOHVKRZVVOLJKWO\KLJKHUSRODULVDWLRQDQGQRRYHUDOOJDLQ LQFDSDFLW\ZKLOHWKH
FDSDFLW\RIWKHDQGPROVDPSOHLVLQFUHDVHGE\DQGP$KJUHVSHFWLYH
O\ ,I WKLV LQFUHDVH LV VROHO\FDXVHGE\)HUHGR[DFWLYLW\WKHVHYDOXHVFRUUHVSRQGWR
aRIWKHWKHRUHWLFDOYDOXHIRUWKH)H)HUHGXFWLRQ'HVSLWHWKHLQFUHDVHGFD
SDFLW\)HVXEVWLWXWLRQGLGQRWLQIOXHQFHWKHVWDELOLW\DQGFDSDFLW\IDGHZDVREVHUYHG
IRUDOOVDPSOHV
7KH QH[W VWHSZDV WR LQFRUSRUDWH PRO9 LQWR WKH ̞,, VWUXFWXUH RI /L0Q6L2
ZKLFK ZDV VKRZQ WR EH VXFFHVVIXO DQG WKH FRUUHVSRQGLQJ ;UD\ GLIIUDFWRJUDPV DUH
VKRZQLQ)LJXUH7RIRUPDVXIILFLHQWFDUERQFRDWLQJRQ9VXEVWLWXWHGVDPSOHV
ZW  FRUQVWDUFK ZDV QHFHVVDU\ $FFRUGLQJO\ D UHIHUHQFH VDPSOH ZDV V\QWKHVLVHG
FRQWDLQLQJZWFRUQVWDUFK7KHLQFUHDVHLQWKHQHFHVVDU\DPRXQWRIFRUQVWDUFK
ZDVODWHULQWKHSURMHFWIRXQGWREHFDXVHGE\LQFRQVLVWHQFLHVLQWKHJDVIORZDQGIXU
QDFHDWPRVSKHUH
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
)LJXUH3RZGHU;5'SDWWHUQVRIWKHQRPLQDOFRPSRVLWLRQV/L0Q96L2
DQG/L0Q6L92LQFOXGLQJKNOPDUNHUVRIWKHFDOFXODWHGSKDVHIUDFWLRQV
QDPHO\ʩ,,3PQʪ,,3PQE/L6L2DQG0Q2
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


%RWK VDPSOHV VKRZHG VLPLODU SKDVH SXULWLHV DV WKH UHIHUHQFH ,Q WKH FDVH RI
/L0Q6L92 VPDOO DPRXQWVRI WKHKLJK WHPSHUDWXUH̟,,SRO\PRUSKZHUHSUH
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9 VXEVWLWXWLRQ RQ WKH 6LVLWH GLG QRW FDXVH WKH DSSHDUDQFH RI 9 FRQWDLQLQJ VSLQHO
SKDVHV7KHRQO\VHFRQGDU\SKDVHZKLFKVKRZHGDQLQFUHDVLQJDPRXQWZLWKLQFUHDV
LQJ9FRQFHQWUDWLRQZDVDURFNVDOWVWUXFWXUHG0Q2UHODWHGSKDVH0RUHRYHU FOHDU
SHDNVKDSHEURDGHQLQJDQGDVOLJKWVKLIW WRKLJKHU̅DQJHOVRI WKLVSKDVHZDVGH
WHFWHG 7KH SDWWHUQV ZHUH ILWWHG WR D /L0Q6L2 PRGHO HODERUDWHG HDUOLHU LQ WKLV
VWXG\DVVKRZQLQ)LJXUH,QFRUSRUDWLRQRI9LQWRWKHPRGHOLQRUGHUWRILQGWKH
VLWHRFFXSDQF\ZRXOGEHPRUHWKDQTXHVWLRQDEOHVLQFHWKHQDQRFU\VWDOOLQHFKDUDFWHU
DQG ORZ VLJQDO WR QRLVH UDWLR FDXVHG E\ WKH DPRUSKRXV FDUERQ ZRXOG QRW DOORZ D
PHDQLQJIXO UHILQHPHQW$GGLWLRQDOO\ LUUHJXODU FKDQJHV LQ SHDN LQWHQVLWLHV DQG VXE
VWDQWLDOO\ LQFUHDVHG LQWHQVLWLHV RI WKH3PQ DQG GLIIUDFWLRQ OLQHVZHUH RE
VHUYHG ,QWHUHVWLQJO\ WKH SRVLWLRQ RI WKH IRUPHU FKDQJHG ZLWKLQ WKH FRQFHQWUDWLRQ
VHULHVZKLOHWKHODWWHUVWD\HGDWLWVLQLWLDOSRVLWLRQ,QFUHDVLQJGLVRUGHULQWKHFU\VWDO
VWUXFWXUHDVZHOODVORFDOGHYLDWLRQVFDQEHH[SHFWHG
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7KHLQFUHDVHG LQWHQVLW\RIWKHWZRSHDNVFRXOG LQGLFDWHDSDUWO\ LQYHUVHGVWUXFWXUH
ZKHUHZLWKLQFUHDVLQJ9FRQFHQWUDWLRQHLWKHU0QRU9SDUWO\RFFXSLHV/LVLWHV7KLV
EHKDYLRXULVZHOONQRZQWRRFFXULQ/L)H6L2XSRQF\FOLQJ7KHPDWHULDOXQGHUJRHV
D WUDQVLWLRQ WR DQ LQYHUVHG ̞,, VWUXFWXUH ZKLFK LV VLPLODU WR WKH VWUXFWXUH RI
/L0Q6L2EXW)HRFFXSLHVKDOIWKH/LVLWH7KHUHYHUVDOFDXVHVLQFUHDVHGLQWHQVLWLHV
RIWKHDQGGLIIUDFWLRQOLQHSHDNV3PQODWWLFHSDUDPHWHUVWKHFDOFXODWHG
FU\VWDOOLWHVL]HDQGWKHFDUERQFRQWHQWIURP7*$DQDO\VLVDUHJLYHQLQ7DEOH7KH
ODWWLFHSDUDPHWHUVLQWKHFRQFHQWUDWLRQVHULHVVKRZDPLQRULQFRQVLVWHQWWUHQGWRDQ
LQFUHDVHGFHOOYROXPH7KLVREVHUYDWLRQZDVXQH[SHFWHGVLQFHHYHQSHQWDYDOHQW9KDV
DELJJHULRQLFUDGLXVWKDQ6LDQGVKRXOGLQIOXHQFHWKHODWWLFHSDUDPHWHUVPRUHSUR
QRXQFHGLILWVXEVWLWXWHV6L&U\VWDOOLWHVL]HVZHUHFDOFXODWHGWRUDQJHEHWZHHQ
QPIURPWKHIXOOZLGWKDWKDOIPD[LPXPRIWKHSHDN
7DEOH  /DWWLFH FRQVWDQWV DQG ;5' FU\VWDOOLWH VL]HV RI WKH QRPLQDO
FRPSRVLWLRQV/L0Q6L[9[2[
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7RIXUWKHULQYHVWLJDWHWKHLQFRUSRUDWLRQRI9DQGWRVXSSRUWWKHILQGLQJVPDGHE\;
UD\ GLIIUDFWLRQ WKH QRPLQDO FRPSRVLWLRQV /L0Q6L2 /L0Q6L92 DQG
/L0Q6L92ZHUHH[DPLQHGE\VFDQQLQJWUDQVPLVVLRQHOHFWURQPLFURVFRS\FRX
SOHGZLWKHQHUJ\GLVSHUVLYH;UD\VSHFWURVFRS\DQGHOHFWURQHQHUJ\ORVVVSHFWURVFRS\
('6ZDVDSSOLHGWRPDSWKHHOHPHQWGLVWULEXWLRQ7KHGLVWULEXWLRQRI6L2DQG0Q
ZDV KRPRJHQHRXV LQ DOO FDVHV DQG GHVSLWH WKH FDUERQ FRDWLQJ QR DPRUSKRXV DUHDV
ZHUHGHWHFWHG)LJXUHVKRZVWKHHOHPHQWDU\GLVWULEXWLRQRIDPRO9VXEVWL
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VWUXFWXUHRI0QLQFORVHQHLJKERXUKRRGWRWKHPHDVXUHG9VLJQDOFDQEHFOHDUO\DW
WULEXWHGWRGLYDOHQW0Q+RZHYHUPLQRUIUDFWLRQVRIWULYDOHQW0QZHUHDOVRGH
WHFWHGLQDOOVDPSOHVZKLFKFRXOGEHDUHVXOWRIFKDUJHFRPSHQVDWLRQ
510 515 520 525
V3+
V-L2
 
 
 N
or
m
al
is
ed
 In
te
ns
ity
 
Energy loss [eV]
 10% V average oxidation
 10% V low oxidation
 
V-L3
V4+
a)
635 640 645 650 655
Mn2+
Mn-L2
Mn-L3
 
 
510 515 520 525
V5+
V-L2
 
 
 N
or
m
al
is
ed
 In
te
ns
ity
 
Energy loss [eV]
 25% V average oxidation
 25% V high oxidation
 V-L3
V4+
b)
635 640 645 650 655
Mn2+
Mn-L2
Mn-L3
 
 

)LJXUH0DMRU9/DQGWKHFRUUHVSRQGLQJ0Q/DFTXLUHGIURPWKHVDPH
SL[HOVROLGOLQHVDQGPLQRU9/VLJQDOIURPDGLIIHUHQWSL[HORIWKHQRPLQDO
FRPSRVLWLRQVD/L0Q6L92DQGE/L0Q6L92

&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


7KH9 VLJQDOV FRUUHVSRQGLQJ WR DGLIIHUHQW YDOHQFH UHTXLUH FKDUJH FRPSHQVDWLRQ$
ORZHUYDOHQFHFRXOGEHFRPSHQVDWHGE\SDUWO\R[LGDWLRQRI0QWRDWULYDOHQWVWDWH
3HQWDYDOHQW9RQWKHRWKHUKDQGZRXOGUHTXLUHWKHIRUPDWLRQRIYDFDQFLHVLQWKH/L
RU0QVXEODWWLFH
)XUWKHUPRUH('6PDSSLQJRI0QDQG2ULFKSDUWLFOHVZKLFKFDQEHDWWULEXWHGWR
WKH0Q2UHODWHGSKDVHDOVRVKRZHGFRQVLGHUDEOHDPRXQWVRI97KLVVXJJHVWVWKDW
WKH VHFRQGDU\SKDVHGHWHFWHGE\;5'VKRXOGPRUHFRUUHFWO\EHDGGUHVVHGDV URFN
VDOWVWUXFWXUHG0Q[9\2[\,WFDQQRWEHFRQFOXGHGLIWKHLQFUHDVHLQWKLV
SKDVH LQGLFDWHV D WKHUPRG\QDPLFDOO\ OLPLWHG VROLG VROXELOLW\ RU LI LW LV GXH WR WKH
WKHUPDODQGDWPRVSKHULFKLVWRU\RIWKHVDPSOHV5HGXFWLRQRIWKH LQLWLDOO\SHQWDYD
OHQW9 WR D WULYDOHQW RU HYHQGLYDOHQW VWDWH FRXOG RFFXUGXULQJ WKH DQQHDOLQJ VWHS
DQG RXU ILQGLQJV VXJJHVW RQO\ OLPLWHG VROXELOLW\ IRU WKH WULYDOHQW LRQ $ QRQ
VWRLFKLRPHWULFVLWXDWLRQPD\RFFXULISDUWVRIWKH9LVUHGXFHGDQGFDQQRWEHLQFRU
SRUDWHGLQWRWKHVWUXFWXUH7KLVUHVXOWLQJQRQVWRLFKLRPHWU\ZRXOGWKHQFDXVHVHJUH
JDWLRQRIWKHH[FHVV0QDQG/L7KHLQKRPRJHQHRXVFKDUDFWHUWKHGLIIHUHQWR[LGDWLRQ
VWDWHVRI9DQGWKHLQFUHDVLQJDPRXQWRIWKH0Q[9\2[\ZLOOFDXVHVLJ
QLILFDQWDPRXQWVRISRLQWGHIHFWVDQGGHIHFWVRIDKLJKHURUGHULQWKHVWUXFWXUH+HQFH
LWPLJKWDOWHUWKHHOHFWURQLFVWUXFWXUHRIWKHPDWHULDODQGSRVVLEO\DOVRDIIHFWWKH/L
GLIIXVLRQ
*DOYDQRVWDWLF F\FOLQJ UHYHDOHG QR LPSURYHGSURSHUWLHV RI WKH QRPLQDO FRPSRVLWLRQV
/L0Q[9[6L2   [   VHH 3DSHU ,,, ZKLOH WKH QRPLQDO FRPSRVLWLRQV
/L0Q6L[9[2 [  VKRZHG VXSHULRUSURSHUWLHV FRPSDUHG WR WKH UHIHUHQFH
VDPSOH )LJXUH  VKRZV WKH ILUVW JDOYDQRVWDWLF F\FOH RI /L0Q6L[9[2 [
DWDFXUUHQWGHQVLW\RIP$J
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


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
)LJXUH)LUVWJDOYDQRVWDWLFF\FOHRIWKHQRPLQDOFRPSRVLWLRQV/L0Q6L[9[2
[UHFRUGHGDWURRPWHPSHUDWXUHDQGDFXUUHQWGHQVLW\RIP$J
$Q LQFUHDVHG GLVFKDUJH FDSDFLW\ZLWKLQ WKH FRQFHQWUDWLRQ VHULHV ZKLFK SHDNV DW 
PRO9 LV REVHUYHG 7KH PRO VDPSOH VKRZHG D VOLJKWO\ GHFUHDVHG FDSDFLW\
FRPSDUHG WR WKH PRO VDPSOH;5'GDWD VXJJHVWHG WKH FU\VWDOOLWH VL]HRI WKLV
VDPSOH WR EH VLJQLILFDQWO\ ODUJHU ZKLFK FRXOG KDYH D QHJDWLYH LQIOXHQFH RQ WKH
FKDUJHGLVFKDUJHFKDUDFWHULVWLFVRIWKLVVDPSOH7KHPRO9VXEVWLWXWHGVDPSOH
RIIHUHGDLQFUHDVHLQFKDUJHFDSDFLW\DQGLQGLVFKDUJHFDSDFLW\FRPSDUHGWR
WKHYDOXHVRIWKHUHIHUHQFHVDPSOH7KHLUUHYHUVLEOHFDSDFLW\ORVVKHQFHLVGHFUHDVHGWR
DYDOXHRI+RZHYHUWKHVORSLQJGLVFKDUJHSURILOHVXJJHVWVWKHNQRZQVWUXFWXUDO
FROODSVHRI/L0Q6L2 WRDOVRRFFXU LQ9 VXEVWLWXWHG VDPSOHV7KH OHVVSURQRXQFHG
FKDQJHLQVORSHDWDSRWHQWLDORIDERXW9ZKLFKFKDQJHVDOVRLQWKHFRQFHQWUDWLRQ
VHULHVLQGLFDWHVLQFUHDVHGUHGR[DFWLYLW\DWORZSRWHQWLDOV$GGLWLRQDOO\DUHPDUNDEOH
LPSURYHPHQW LQ UDWH FDSDELOLW\ZDV REVHUYHG)LJXUH  VKRZV/L0Q6L92
F\FOHGDWGLIIHUHQW FXUUHQWGHQVLWLHV$WD FXUUHQWGHQVLW\ RI P$J WKH VDPSOH
GHOLYHUV D FRPSDUDEOH FDSDFLW\ WR WKH UHIHUHQFH DW P$J&RPSDULQJ WKH JLYHQ
YDOXHVWRYDOXHVLQ)LJXUHVKRZVDPDMRULPSURYHPHQWDWHOHYDWHGFXUUHQWGHQVL
WLHV
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


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
)LJXUH/L0Q6L92F\FOHGDWGLIIHUHQWFXUUHQWGHQVLWLHVYDOXHVJLYHQ
LQWKH)LJXUH
,Q RUGHU WR XQGHUVWDQG WKH UHDVRQV IRU WKH LPSURYHG HOHFWURFKHPLFDO UHVSRQVH WKH
VDPSOHVZHUHDQDO\VHGE\$&LPSHGDQFHDWRSHQFLUFXLWFRQGLWLRQV7KHLPSHGDQFH
SURILOH LQ1\TXLVW UHSUHVHQWDWLRQ UHVHPEOHG D GHSUHVVHG VHPLFLUFOH LQ WKH KLJK IUH
TXHQF\UHJLRQIROORZHGE\DOLQHSURILOH7KHGDWDZDVILWWHGWRDPRGLILHG5DQGOHV
FLUFXLW7KHILUVWUHVLVWRUDFFRXQWVIRUWKHHOHFWURO\WHUHVLVWDQFH5H7KHIROORZLQJHO
HPHQWVLQSDUDOOHODUHDUHVLVWRUDFFRXQWLQJIRUWKHFKDUJHWUDQVIHUUHVLVWDQFH5FWDQG
DFRQVWDQWSKDVHHOHPHQW&3(DFFRXQWLQJIRUWKHGRXEOHOD\HUFDSDFLWDQFH4GO7KH
GHSUHVVHG SURILOH RI WKH VHPLFLUFOH LV PRVW SUREDEO\ FDXVHG E\ DQ LQKRPRJHQHRXV
FKDUJHGHQVLW\GLVWULEXWLRQGXHWRWKHSRURXVVWUXFWXUH$&3(LQVWHDGRIDQRUPDO
FDSDFLWRULQSDUDOOHOWRWKHUHVLVWRU&ROHHOHPHQWZDVFKRVHQWRDFFRXQWIRUWKLVGH
SUHVVHG SURILOH7KH ORZ IUHTXHQF\ SDUW RI WKH LPSHGDQFH VSHFWUDZDV ILWWHG E\ DQ
RSHQ FLUFXLW WHUPLQXV*HQHUDOLVHG)LQLWH:DUEXUJ HOHPHQW :R7KH1\TXLVW SORW
ZLWKWKHVXJJHVWHGHTXLYDOHQWFLUFXLWPRGHOLQWKHLQVHWLVVKRZQLQ)LJXUH
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


0 50 100 150 200 250 300
0
50
100
150
200
250
300
-Z
Im
 [o
hm
]
Z
Re
 [ohm]
 x = 0
 x = 0.05
 x = 0.10
 x = 0.15
 x = 0.20
 x = 0.25
 x = 0.30
x in Li2MnSi1-xVxO4
Fit
o
Qdl

)LJXUH$&LPSHGDQFHGDWDRI/L0Q6L[9[2[LQ1\TXLVW
UHSUHVHQWDWLRQLQFOXGLQJWKHILWWHGOLQHDQGWKHHTXLYDOHQWFLUFXLW
7KH$&LPSHGDQFHGDWDIXUWKHUDOORZVWKHHVWLPDWLRQRIWKH/LGLIIXVLRQFRHIILFLHQW
DFFRUGLQJWRD:DUEXUJPRGHOZLWKD OLQHDURYHUYROWDJHFXUUHQWUHODWLRQVKLS 
7DEOH  VKRZV WKHSDUDPHWHUV IRU5H5FW DQG'/L9 VXEVWLWXWLRQ LQIOXHQFHV WKH
FKDUJH WUDQVIHU UHVLVWDQFH DQG WKH/L GLIIXVLRQ FRHIILFLHQW7KH UHVXOWV DUH LQ DJUHH
PHQWVZLWKWKHJDOYDQRVWDWLFF\FOLQJH[SHULPHQWV$VWURQJO\GHFUHDVHGFKDUJHWUDQV
IHUUHVLVWDQFH LVREVHUYHGIRU9VXEVWLWXWLRQ OHYHOVPRO7KH ORZHUHGFKDUJH
WUDQVIHUUHVLVWDQFHLVSUREDEO\FDXVHGE\92XQLWVLQWHUUXSWLQJWKHVWURQJO\LQVXODW
LQJ6L2IUDPHZRUN7KHGHIHFWVLQWKHVWUXFWXUHVHHPWRDOVRSRVLWLYHO\LQIOXHQFHWKH
GLIIXVLRQFRHIILFLHQWIRU/LLRQVIRUDOO9VXEVWLWXWHGVDPSOHVDV'/LLVIRXQGWREHRQH
RUGHURIPDJQLWXGHKLJKHUWKDQWKHUHIHUHQFHYDOXH7KHH[DFWYDOXHVKDYHWREHWDN
HQZLWK FDXWLRQ VLQFH WKH DVVXPSWLRQVPDGH 3DSHU ,,, GR QRW UHIOHFW WKH UHDOLW\
7KHREVHUYHGUHODWLYHWUHQGVVKRXOGVWLOOEHYDOLG
 
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


7DEOH(OHFWURO\WHDQGFKDUJHWUDQVIHUUHVLVWDQFHGDWDDQGWKHFDOFXODWHG/L
GLIIXVLRQFRHIILFLHQWVIURPILWWHG$&LPSHGDQFHGDWDRI/L0Q6L[9[2[



[LQ/L0Q6L[9[2 5H>2KP@ 5FW>2KP@ '/L>FPV@
   (
  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   (
   (
   (
   (
   (
8QFHUWDLQW\JLYHQLQEUDFNHWV$VVXPSWLRQVDUHGHVFULEHGLQWKHPDLQWH[W

&\FOLFYROWDPPHWU\ZDVFDUULHGRXWWRUHYHDOLIDQ\DGGLWLRQDOUHGR[DFWLYLW\RFFXUV
LQ9VXEVWLWXWHGVDPSOHV)LJXUHVKRZVWKHYROWDPPRJUDPVRIWKHILUVWDQGVHF
RQGF\FOHRI/L0Q6L[9[2[
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
)LJXUH&\FOLFYROWDPPRJUDPVRIWKHILUVWDQGVHFRQGF\FOHRIWKHQRPLQDO
FRPSRVLWLRQV/L0Q6L[9[2[DWP9V
2QWKHILUVWDQRGLFSRODULVDWLRQRQHSHDNZDVGHWHFWHGFRUUHVSRQGLQJWRWKHR[LGDWLRQ
RIGLYDOHQW0Q7KHRQVHWDQGWKHFHQWUHRIWKHDQRGLFSHDNDUHVKLIWHGWRVOLJKWO\
ORZHUSRWHQWLDOVZLWKLQFUHDVLQJ9FRQFHQWUDWLRQ)XUWKHUPRUHWKHDQRGLFSHDNDUHD
LVLQFUHDVLQJLQWKHFRQFHQWUDWLRQVHULHVDQGSHDNLQJDWPRO9VXEVWLWXWLRQ7KH
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


VLJQDOIRUPRO9VXEVWLWXWLRQLVUHGXFHGDJDLQDQGWKHGDWDLVLQDJUHHPHQWZLWK
WKH JDOYDQRVWDWLF ORDG FXUYHV 2Q WKH VXEVHTXHQW FDWKRGLF SRODULVDWLRQ WZR EURDG
SHDNVDUHREVHUYDEOHZKHUHWKH ILUVWPLQRUSHDN LV ORFDWHGDWDERXW9DQGWKH
VHFRQGPDMRUSHDNDWDERXW97KHVSOLWLQWRWZRH[WUHPHO\EURDGSHDNVFDQGL
UHFWO\EHDWWULEXWHGWRWKHVWUXFWXUDOGHJUDGDWLRQVLQFHWKHUHGR[SRWHQWLDORIDJLYHQ
FDWLRQ LV GHSHQGHQW RQ LWV FKHPLFDO HQYLURQPHQW+HUH WKH ILUVWPLQRU SHDN LV EH
OLHYHG WR FRUUHVSRQG WR0Q VWLOO LQ LWV LQLWLDO FRRUGLQDWLRQZKLOH WKH VHFRQGPDMRU
SHDNDWORZHUSRWHQWLDOFDQEHDWWULEXWHGWRWKHDOWHUHGFKHPLFDOHQYLURQPHQW)RU9
VXEVWLWXWHG VDPSOHV ERWK SHDNV DUH VKLIWHG WR VOLJKWO\ KLJKHU SRWHQWLDOV ZKLFK LV
FDXVHGE\DGHFUHDVHGRYHUSRWHQWLDOGXHWRDORZHUHGFKDUJHWUDQVIHUUHVLVWDQFH$Q
DGGLWLRQDO SHDN DSSHDUV IRU 9 VXEVWLWXWHG VDPSOHV ZKLFK LV ORFDWHG DW SRWHQWLDOV
FORVHWRWKHFXWRII8SRQWKHVHFRQGDQRGLFSRODULVDWLRQWKHUHIHUHQFHVDPSOHVKRZV
WZREURDGDQRGLFSHDNVRQHREYLRXVDQG WKHRWKHUEDUHO\YLVLEOH7KH VDPHSHDNV
DUH REVHUYHG IRU WKH9 VXEVWLWXWHG VDPSOHVZLWK WKH VDPH LQFUHDVLQJEHKDYLRXU DV
GHVFULEHG IRU WKH ILUVWF\FOH ,QDGGLWLRQDQHZDQRGLFSHDNRI LQFUHDVLQJ LQWHQVLW\
ZLWKLQWKHFRQFHQWUDWLRQVHULHVDWDERXW9LVREVHUYHG7KHVHFRQGFDWKRGLFSR
ODULVDWLRQTXDOLWDWLYHO\UHVHPEOHVWKHILUVWF\FOHZKHUH9VXEVWLWXWHGVDPSOHVVKRZDQ
LQFUHDVHG UHVSRQVH DQG WKH DGGLWLRQDOSHDN DW UHODWLYHO\ ORZSRWHQWLDOV/LLYDW DQG
7KRPDVFDOFXODWHGWKHUHGR[SRWHQWLDORI99YV/L/LWREH9LQDK\SR
WKHWLFDO/L)H92VWUXFWXUH7KLVYDOXHZRXOGILWWRWKHREVHUYHGDGGLWLRQDODQRG
LFSHDNDW9DQGWKHFDWKRGHSHDNEHORZ9EXWFDQQRWH[SODLQZK\QRDGGL
WLRQDODQRGLFSHDNZDVREVHUYHGXSRQWKHILUVWR[LGDWLRQ&RQWUDU\LI9ZRXOGRFFX
S\0QVLWHVLWVUHGR[SRWHQWLDOVKRXOGEHVWURQJO\LQIOXHQFHGE\WKHLQGXFWLYHHIIHFW
RIWKHSRO\DQLRQDQGKHQFHORFDWHGDWKLJKHUSRWHQWLDOV
7KHVWUXFWXUDOFKDQJHVWKDWDUHSURSRVHGE\&9DQGJDOYDQRVWDWLFF\FOLQJZHUHH[
DPLQHGE\LQVLWX;UD\GLIIUDFWLRQXSRQJDOYDQRVWDWLFF\FOLQJXVLQJ0R.̝UDGLDWLRQ
LQ WUDQVPLVVLRQPRGH/L0Q6L2 DQG/L0Q6L92ZHUH FKRVHQ IRU LQYHVWLJD
WLRQVDQGWKHHYROXWLRQRIWKH3PQDQGGRXEOHSHDNVZDVLQYHVWL
JDWHG)RUDQDGHTXDWHWLPHUHVROXWLRQWKHVFDQWLPHZDVOLPLWHGWRDERXWPLQSHU
VFDQZKLOHWKHFHOOVZHUHF\FOHGDWDORZFXUUHQWGHQVLW\RIP$J7KHOHYHOSORWV
RI/L0Q6L2DQG/L0Q6L92DUHVKRZQLQ)LJXUHDDQGEUHVSHFWLYHO\
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

/LTXLGIHHGIODPHVSUD\S\URO\VLVDVVFDODEOH
/L0Q6L2V\QWKHVLVDSSURDFK
$ VFDODEOH QRW WRR WLPH FRQVXPLQJ DQG LQH[SHQVLYH V\QWKHVLVPHWKRG FDSDEOH RI
SURGXFLQJ ODUJH DPRXQWV RI RUWKRVLOLFDWHPDWHULDOVZLWK D GHVLUHG QDQRVWUXFWXUH LV
FUXFLDO LI WKHVH PDWHULDOV VKRXOG HYHU EHHQ FRQVLGHUHG DV DQ DOWHUQDWLYH HOHFWURGH
'DKELHWDODGGUHVVHGWKLVLVVXHIRU/L)H6L2DQGLQYHQWHGDFRPEXVWLRQV\QWKHVLV
ZKLFK LVUDWKHUTXLFNDQGFRXOGHYHQWXDOO\EHVFDOHGXS)XUWKHUPRUH LW LVZHOO
NQRZQ WKDW WKH LQGXVWULDO SURGXFWLRQ RI QDQRSDUWLFOHV LV IHDVLEOH E\ DHURVRO IODPH
SURFHVVHV&RPELQLQJVXFKDSURFHVVZLWKDOLTXLGSUHFXUVRUOHDGVWROLTXLGIHHGIODPH
VSUD\S\URO\VLV/)637KLVSURFHVVKDVEHHQH[SORUHGGXULQJWKHODVWFRXSOHRIGHF
DGHVDQGLVXVHGIRUWKHV\QWKHVLVRIFHUDPLFQDQRSDUWLFOHV+RZHYHUWKLVPHWKRG
ZDV QHYHU DSSOLHG WR /L06L2PDWHULDOV 6LQFH WKH SURMHFW ZDV VR IDU IRFXVHG RQ
/L0Q6L2LWZDVDOVRWKHPDWHULDORIFKRLFHIRUOLTXLGIHHGIODPHVSUD\S\URO\VLV7R
NHHSWKHV\QWKHVLVFRVWORZLWZDVDWWHPSWHGWRXVHDQHWKDQROZDWHUE\YROXPH
EDVHGVROXWLRQDQGZDLYHH[SHQVLYHPHWDODONR[LGHVDV0QDQG/LSUHFXUVRUV+RZHY
HU WHWUDHWK\ORUWKRVLOLFDWHZDVWKH ORJLFDO6L VRXUFHGXHWR LWV VROXELOLW\ LQHWKDQRO
8QIRUWXQDWHO\ZDWHUKDVDQHJDWLYH LQIOXHQFHRQWKHHQWKDOS\RIFRPEXVWLRQZKLFK
OHGWRLQKRPRJHQHLWLHVLQWKHUHVXOWLQJPRUSKRORJ\7RLQFUHDVHWKHHQWKDOS\RIFRP
EXVWLRQDQGKHQFHWKHFRPEXVWLELOLW\WKHPHWDOQLWUDWHVDQG7(26ZHUHGLVVROYHGLQ
SXUHDOFRKRO$GGLWLRQDOO\YROS[\OHQHZDVDGGHGWRWKHVROXWLRQDVIXHOHQ
KDQFHU3[\OHQHKDVDKLJKHQWKDOS\RIFRPEXVWLRQ́F+R N-PRODWr&
FRPSDUHGWRHWKDQRO́F+R N-PRODWr&DQGVKRZHGDKLJKLQ
IOXHQFHRQWKHFRPEXVWLELOLW\RIWKHVROXWLRQ$VSUHYLRXVO\GLVFXVVHGWKHDGGLWLRQRI
DFDUERQIRUPHUKLQGHUVSDUWLFOHJURZWKGXULQJDQQHDOLQJDQGKHQFHLWZDVSRVVLEOH
WRSUHVHUYHWKHQDQRVWUXFWXUHGXULQJSKDVHIRUPDWLRQDQGFDUERQFRDWLQJ$UHGXFLQJ
KHDW WUHDWPHQWZDV VWLOO QHFHVVDU\ WR IRUP WKH RUWKRVLOLFDWH SKDVH$V SUHVHQWHG LQ
FKDSWHU WKHNLQHWLFVRISKDVH IRUPDWLRQDWWKHPRGHUDWHDSSOLHGWHPSHUDWXUHDUH
UDWKHUVOXJJLVK7KHVKRUWUHVLGHQFHWLPHLQWKHKHDW]RQHRIWKHIODPHDQGWKHR[LGLV
LQJ QDWXUH RI WKH FRPEXVWLRQ LWVHOI GLG QRW DOORZ IRU SKDVH IRUPDWLRQ 7KH KHDW
WUHDWPHQWSDUDPHWHUVZHUHUHYDOXDWHGIRUWKLVGLIIHUHQWV\QWKHVLVDSSURDFKDQGILQDO
O\SRZGHUVZHUHDQQHDOHGDWr&IRUKLQDIORZRI+LQ$UZWFRUQ
VWDUFKDFWHGDVFDUERQVRXUFH)LJXUHSRLQWVRXWWKHPRUSKRORJLFDOGLIIHUHQFHVRI
WKH WZR DSSURDFKHV ZKHUH D VKRZV WKH DVS\URO\VHG SRZGHU IURP WKH  HWKD
QROZDWHUVROXWLRQDQGEWKHUHGXFHGDQGFDUERQFRDWHGVDPSOH7KHVDPSOH IURP
WKHHWKDQROS[\OHQHVROXWLRQDUHVKRZQLQWKHDVS\URO\VHGVWDWHLQFDQGLQWKH
UHGXFHGDQGFRDWHGVWDWH LQG7KHHWKDQROZDWHUFRPEXVWLRQUHVXOWHG LQDQ LQKR
PRJHQHRXVSRZGHUPRUSKRORJ\,QDGGLWLRQWRWKHGHVLUHGQDQRSDUWLFOHVWKHSRZGHU
FRQWDLQHGDKLJKDPRXQWRIVSKHULFDOSDUWLFOHV LQWKHVXEwPWRwPUDQJH7KH LQ
FUHDVHG HQWKDOS\ RI FRPEXVWLRQ RI WKH HWKDQROS[\OHQH VROXWLRQ UHVXOWHG LQ PXFK
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 Position 2Θ [°]
 Observed
 Calculated
 Background
 Difference
 Pmn21 99 wt. %
 MnO 1 wt. %
Rwp: 8.79
16 18 20 22 24 26 28 30 32 34 36 38 40
a)
32 34 36 38 40 42
x = 0.09
x = 0.06
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Position 2Θ [°]
Li2Mn1-xSiO4
x = 0
b)

)LJXUHD)XOOSDWWHUQUHILQHPHQWRIDQRPLQDOPRO0QVXE
VWRLFKLRPHWULF/L0Q6L2VDPSOHE(YROXWLRQRIWKH0Q2VHFRQGDU\SKDVHZLWK
LQFUHDVLQJ0QVXEVWRLFKLRPHWU\
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


7KHIDFWWKDWSURJUHVVLYH0QVXEVWRLFKLRPHWU\GLGQRWUHVXOWLQWKHGLVDSSHDUDQFHRI
WKH0Q2VHFRQGDU\SKDVHEXWUDWKHUUHVXOWVLQWKHRFFXUUHQFHRI/L6L2VXJJHVWVD
WROHUDQFHWRZDUGVVOLJKWQRQVWRLFKLRPHWU\LQWKH0QVXEODWWLFH
7KH ODUJH GLIIHUHQFH LQ WKH SRZGHU PRUSKRORJ\ GXH WR WKH HQKDQFHG VROXWLRQ
FRPEXVWLELOLW\ VXJJHVWV FKDQJHV LQ WKH FKDUJHGLVFKDUJH FKDUDFWHULVWLFV RI WKH
SRZGHUV)LJXUHVKRZVWKHILUVWJDOYDQRVWDWLFF\FOLFRIWKHIODPHVSUD\S\URO\VHG
SRZGHUVDQGFRPSDUHVWKHPWRWKHVROJHOVDPSOHIURPSDSHU,
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]
Capacity [mAhg-1]
 LMS sol-gel
 LMS FSP EtOH/H2O
 LMS FSP EtOH/Xylene
 LM0.94S FSP EtOH/Xylene
 LM0.91S FSP EtOH/Xylene
10 mAg-1

)LJXUH)LUVWJDOYDQRVWDWLFF\FOHRIWKHIODPHS\URO\VHG/L0Q6L2SRZGHUV
IURPGLIIHUHQWVROXWLRQV0QVXEVWRLFKLRPHWU\LVGHQRWHGE\WKHILJXUHEHKLQG
WKH0$VROJHOVDPSOHV\QWKHVLVHGDFFRUGLQJWKHGHVFULSWLRQLQ3DSHU,LV
LQFOXGHG
7KHVDPSOHEDVHGRQWKHHWKDQROZDWHUS\URO\VLVVKRZHGDORZGLVFKDUJHFDSDFLW\RI
P$KJFDXVHGE\DKXJHDPRXQWRIODUJHVSKHULFDOSDUWLFOHVZKLFKGRQRWDOORZ
H[WHQVLYH GHOLWKLDWLRQ +RZHYHU VXEVWLWXWLQJ ZDWHU DJDLQVW S[\OHQH DV FRPEXVWLRQ
DLGVKRZHGDPDMRULPSDFWDQGUHVXOWHGLQDQRYHULQFUHDVHGGLVFKDUJHFDSDFL
W\7KHGLVFUHSDQF\EHWZHHQFKDUJHDQGGLVFKDUJHDQGWKHUHVXOWLQJ ORVVZDVSUHYL
RXVO\GLVFXVVHG ,QWHUHVWLQJO\WKHFKDUJHFDSDFLW\VKRZHGDVOLJKWGHFUHDVLQJWUHQG
UHIOHFWLQJWKH0QVWRLFKLRPHWU\ZKLOHWKHGLVFKDUJHFDSDFLW\ZDVQRWLQIOXHQFHG
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


7KHQDQRVWUXFWXUHDOVRLQIOXHQFHGWKHUDWHFDSDELOLW\6DPSOHVIURPWKHS[\OHQHDLG
HGS\URO\VLVUHDFKHGYDOXHVFRUUHVSRQGLQJWRWKHH[FKDQJHRIPRUHWKDQ/LSHUIRU
PXODXQLWDQGVKRZHGDKLJKLQLWLDOGLVFKDUJHFDSDFLW\RIRYHUP$KJHYHQDWD
PRGHUDWH FXUUHQWGHQVLW\RI P$J7KH LQLWLDOGLVFKDUJHFDSDFLW\RI DPRO
0QVXEVWRLFKLRPHWULFVDPSOHLVVKRZQLQ)LJXUH7KHLQVHWVKRZVF\FOHVDW
GLIIHUHQWFXUUHQWGHQVLWLHV,QWKHF\FOLQJSORWLWKDVWREHFRQVLGHUHGWKDWWKHLQLWLDO
F\FOHVZLOOLQIOXHQFHWKHFDSDFLW\RIWKHODWHUF\FOHVGXHWRWKHVWUXFWXUDOGHJUDGDWLRQ
&RPSDULQJ WKH YDOXHV WR FDSDFLWLHV DFKLHYHG LQ 3DSHU , FOHDUO\ LOOXVWUDWHV WKH LP
SURYHGSURSHUWLHVZLWKUHVSHFWWRGLVFKDUJHFDSDFLW\DQGUDWHFDSDELOLW\
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Discharge capacity [mAhg-1]
  3.2 mAg-1
 10 mAg-1
 40 mAg-1
 80 mAg-1
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  Q
 [m
A
hg
-1
]
Cycle 
80 mAg-1
Full symbol = Charge
Empty symbol = Discharge

)LJXUH)LUVWGLVFKDUJHRIDPRO0QGHILFLHQWVDPSOHIURP[\OHQHDLGHG
S\URO\VLVDWGLIIHUHQWUDWHV7KHLQVHWVKRZVF\FOHVDWKLJKHUFXUUHQWGHQVLWLHV
,Q VLWX ;5' UHYHDOHG WKDW DOVR WKH QDQRVWUXFWXUHG /L0Q6L2 SDUWLFOHV PDGH E\
IODPH VSUD\ S\URO\VLV EHFRPH DPRUSKRXV XSRQ WKH ILUVW R[LGDWLRQ )XUWKHUPRUH LW
ZDV VKRZQ WKDW WKH VWUXFWXUDO GHJUDGDWLRQ LV GLUHFWO\ OLQNHG WR WKH DPRXQW RI /L
H[FKDQJHGKHQFHWKHDPRXQWRI0QR[LGLVHG7KHGHJUDGDWLRQZDVVORZHGGRZQE\
OLPLWLQJWKHSRWHQWLDOZLQGRZEXWLWFRXOGQRWEHSUHYHQWHG
 
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


/L)H6L2DQG/L)H0Q6L2E\OLTXLGIHHGIODPH
VSUD\S\URO\VLV
,QWKHODVWSDUWRIWKLVWKHVLVWKHJDLQHGNQRZOHGJHJDLQHGIURP3DSHU,9ZDVXVHGWR
V\QWKHVLVH/L)H6L2DQG/L)H0Q6L2E\OLTXLGIHHGIODPHVSUD\S\URO\VLV/)
)637KHVROXWLRQZDVEDVHGRQWKHSUHYLRXVO\GHVFULEHGHWKDQROS[\OHQHUDWLR
DQG WKH VDPHFRQFHQWUDWLRQRISUHFXUVRUVZHUHGLVVROYHG$V)HSUHFXUVRU IHUULFQL
WUDWHZDVXVHGDQGWKHPL[HGPHWDORUWKRVLOLFDWHZDVV\QWKHVLVHGXVLQJIHUULFQLWUDWH
DQG0QQLWUDWH)HUULFQLWUDWHZDVFKRVHQEHFDXVHRIWKHR[LGDWLRQWHQGHQF\DQGVRO
XELOLW\ OLPLWDWLRQV RI DYDLODEOH IHUURXV SUHFXUVRUV )XUWKHUPRUH WKH DSSOLHG DWPRV
SKHUHGXULQJDQQHDOLQJZDVFKDQJHGWRDVORZIORZRI+LQ$UWRKLQGHU)HUH
GXFWLRQWRWKHHOHPHQWDU\VWDWH)(6(0DQDO\VLVUHYHDOHGGLIIHUHQFHVWRWKHSUHYL
RXVO\V\QWKHVLVHG/L0Q6L2VDPSOHV7KH/L)H6L2VDPSOHVKRZHGELJJHUSDUWLFOHV
DQGODUJHGHQVHDJJORPHUDWHV6LQFHWKHRQO\DOWHUHGSDUDPHWHUFRPSDUHGWRWKHV\Q
WKHVLVGHVFULEHGLQ3DSHU,9ZDVWKH)HVDOWFRQFHQWUDWLRQHIIHFWVZHUHLQYHVWLJDWHG
7KHRULJLQDOFRQFHQWUDWLRQRIWKHPHWDOFDWLRQZDVPRO/GLVUHJDUGLQJYROXPH
HIIHFWVRIWKHHWKDQROS[\OHQHPL[WXUH$QHZV\QWKHVLVZDVSHUIRUPHGZLWKDGLOXW
HG)HFRQFHQWUDWLRQRIPRO/7KH)(6(0PLFURJUDSKRI WKHWZR/L)H6L2
VDPSOHVDQGWKH/L)H0Q6L2VDPSOHDUHVKRZQLQ)LJXUH
&RPSDULQJWKHPLFURJUDSKVLQDDQGEWRWKHPLFURJUDSKVLQFDQGGZKLFKFRU
UHVSRQG WR WKHPRUH GLOXWHGSUHFXUVRU VROXWLRQ WKHGHVLUHG HIIHFW LV FOHDUO\ YLVLEOH
7KHSRZGHUIURPWKHOHVVFRQFHQWUDWHGVROXWLRQUHVXOWHGLQPRUHORRVHO\DJJORPHUDWHG
QDQRSDUWLFOHV DQG GHVSLWH VRPH VSKHULFDO ELJJHU SDUWLFOHV QR H[DJJHUDWHG SDUWLFOH
JURZWKDQGDJJUHJDWLRQFRXOGEHREVHUYHG7KHPRUSKRORJ\RI/L)H0Q6L2ZDV
DOVRLQIOXHQFHGE\WKH)HSUHFXUVRUDQGIHZHUGHQVHSDUWLFOHVZHUHSUHVHQW7KHVXU
IDFHDUHDPHDVXUHPHQWVFRUUHODWHZHOOZLWKWKH6(0REVHUYDWLRQV:KLOH/L)H6L2
IURPDPRO/VROXWLRQRIIHUHGDQH[WHUQDOVXUIDFHDUHDRIPJWKHPRUHGL
OXWHGVROXWLRQUHVXOWHGLQDQLQFUHDVHGH[WHUQDOVXUIDFHDUHDRIPJ7KHYDOXHRI
WKHPL[HGPHWDO RUWKRVLOLFDWH JDYH DQ DYHUDJH YDOXH LQ EHWZHHQ WKHVH WZRZLWK 
PJ7KHUHILQHG;UD\GLIIUDFWLRQSDWWHUQVRI/L)H6L2DQG/L)H0Q6L2DUH
VKRZQLQ)LJXUH
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
)LJXUH)XOOSDWWHUQUHILQHPHQWVRI/L)H6L2DQG/L)H0Q6L2
LQFOXGLQJKNOPDUNHUVDQGSKDVHIUDFWLRQV
/L)H6L2 ZDV ILWWHG WR D PRQRFOLQLF ̟V SRO\PRUSK 3Q 6XJJHVWHG DWRPLF
SRVLWLRQVDQGODWWLFHSDUDPHWHUVRI'DKELHWDOZHUHFKRVHQDVLQLWLDOSDUDPHWHUV
/L)H0Q6L2RQWKHRWKHUKDQGFRXOGQRWEHGHVFULEHGE\DVLQJOHSRO\PRUSK
EXW ZDV VKRZQ WR H[LVW DV D PL[WXUH RI PRQRFOLQLF ̟V DQG RUWKRUKRPELF ̞,, 7KH
ODWWLFHSDUDPHWHUVWKHFDOFXODWHGFU\VWDOOLWHVL]HVDQGWKHFDUERQFRQWHQWHVWLPDWHG
IURP7*$GDWDDUHVXPPDULVHGLQ7DEOH
 
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV


7DEOH8QLWFHOOSDUDPHWHUVFDOFXODWHGFU\VWDOOLWHVL]HDQGFDUERQFRQWHQWRI
/L)H6L2IURPPRO/DQGPRO/VROXWLRQDQG/L)H0Q6L2IURP
DPRO/VROXWLRQ
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&DOFXODWHGIURPRUWKRUKRPELF

&DOFXODWHGXQLW FHOOGLPHQVLRQVRIERWK/L)H6L2 VDPSOHVDUHYHU\ VLPLODU WR HDFK
RWKHUDQGLQDJUHHPHQWZLWKGDWDIURPWKHOLWHUDWXUH/L)H0Q6L2VKRZV
DQLQFUHDVHG3QFHOOYROXPH:KLOHWKHYROXPHRIWKH3PQXQLWFHOO LVVOLJKWO\
VPDOOHUWKDQIRU/L0Q6L2UHSRUWHGLQWKHSUHYLRXVVHFWLRQV7KLV LVFDXVHGE\GLI
IHUHQFHVLQLRQLFUDGLXVRIWHWUDKHGUDOO\FRRUGLQDWHG0QDQG)HZKHUHWKHIRUPHU
KDVDQLRQLFUDGLXVRIDQGWKHODWWHU)XUWKHUPRUHWKHGHFUHDVHG
SUHFXUVRU FRQFHQWUDWLRQ OHG WR D UHGXFHG FDOFXODWHG FU\VWDOOLWH VL]H ZKLFK LV LQ
DJUHHPHQWZLWKWKH6(0REVHUYDWLRQVDQG%(7GDWD/L)H0Q6L2VKRZVDGLV
FUHSDQF\RIWKHFDOFXODWHGFU\VWDOOLWHVL]HEHWZHHQWKHWZRSRO\PRUSKV7KHFU\VWDO
OLWHVL]HFDOFXODWLRQFRXOGLQWKLVFDVHEHKLJKO\LQIOXHQFHGE\WKHRYHUODSSLQJSHDNV
DQGVWUDLQEHWZHHQERWKSRO\PRUSKV
7KHPRUSKRORJLFDO GLIIHUHQFHV VKRZHG D VLJQLILFDQW LPSDFW RQ WKH FKDUJHGLVFKDUJH
EHKDYLRXU)LJXUHVKRZVWKHILUVWDQGVHFRQGJDOYDQRVWDWLFF\FOHRIWKHVDP
SOHV
6WUXFWXUDOFKDQJHVRI/L)H6L2DUHZHOOXQGHUVWRRG7KHVWUXFWXUHIRUPVDQLQYHUVHG
̞,, VWUXFWXUHXSRQF\FOLQJ7KH ORZLQLWLDOFKDUJHFDSDFLW\ LVGXHWRWKHSDUWLDO
R[LGDWLRQRI)HGXULQJSURORQJHGVWRUDJHLQDLU,QFUHDVHGVXUIDFHDUHDYDOXHVE\
OHVVGHQVHO\DJJUHJDWHGDQGVPDOOHUSDUWLFOHVUHVXOWHGLQDKLJKHUGLVFKDUJHFD
SDFLW\
&KDSWHU6XPPDU\RIWKHPDLQUHVXOWV
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
)LJXUH)LUVWDQGVHFRQGJDOYDQRVWDWLFF\FOHVRID/L)H6L2DQGE
/L)H0Q6L2
7KHGLVFKDUJHEHKDYLRXURI/L)H0Q6L2LVPRUHFRPSOLFDWHG7KHVWURQJO\VORS
LQJSURILOHDQGWKHFDSDFLW\GHFD\VXJJHVWWKHVDPHVWUXFWXUDOFROODSVHDVNQRZQIURP
/L0Q6L2'LIIHUHQWLDOFDSDFLW\SORWV3DSHU9VKRZEURDG0QSHDNVLQFDWKRGLF
DQGDQRGLFGLUHFWLRQ7KH)HUHGR[SHDNVDUHDOVREURDGDQGVLWXDWHGDWDORZHUSR
WHQWLDORI9LQFDWKRGLFDQG9LQDQRGLFGLUHFWLRQ7KLVLVSUREDEO\FDXVHGE\
WKHFKDQJHGFKHPLFDOHQYLURQPHQWGXHWRWKHVWUXFWXUDOFROODSVH LQGXFHGE\WHWUD
KHGUDOO\FRRUGLQDWHGWULYDOHQW0Q/L)H0Q6L2VXIIHUVIURPVHYHUHFDSDFLW\GH
FD\XSRQF\FOLQJEXWWKHUHWHQWLRQDIWHUSURORQJHGF\FOLQJLVLQFUHDVHGFRPSDUHGWR
/L0Q6L2 ,Q DGGLWLRQ GLIIHUHQWLDO FDSDFLW\ SORWV UHYHDOHG WKDW WKH UHGR[ DFWLYLW\
DIWHUSURORQJHGF\FOLQJFDQEHDWWULEXWHGVROHO\WR)H,QFRQWUDU\WR/L0Q6L2WKH
VWUXFWXUHRI/L)H0Q6L2ZDVVWLOOSDUWLDOO\FU\VWDOOLQHDIWHUF\FOHVLQGLFDWLQJ
D VOLJKW VWDELOLVDWLRQ ,Q FRPSDULVRQ /L)H6L2 RIIHUHG D JRRG F\FOLQJ SHUIRUPDQFH
DQGVKRZHGPRUHWKDQFDSDFLW\UHWHQWLRQDIWHUF\FOHV$OVRWKHUDWHSHUIRU
PDQFHZDVH[FHSWLRQDOZLWKPRUHWKDQFDSDFLW\UHWHQWLRQZKHQWKHFXUUHQWGHQ
VLW\ZDVLQFUHDVHIURPWRP$JDWURRPDQGHOHYDWHGWHPSHUDWXUHV
&KDSWHU&RQFOXVLRQV


 &RQFOXVLRQV
,QWKHILUVWSDUWRIWKLVSURMHFWSRURXVQDQRVL]HGDQGFDUERQFRDWHG/L0Q6L2ZDV
VXFFHVVIXOO\ V\QWKHVLVHG E\ D39$ DVVLVWHG VROJHO URXWH 7KH V\QWKHVLV SDUDPHWHUV
ZHUH RSWLPLVHG LQ RUGHU WR DFKLHYH KLJK SKDVH SXULWLHV DQG D GHVLUHG SRURXV
QDQRVWUXFWXUH7KHVDPSOHVZHUHLQGH[HGDQGUHILQHGWRWKHRUWKRUKRPELF̞,,SKDVH
3PQEXWVDPSOHVV\QWKHVLVHGZLWKORZDPRXQWVRIFRUQVWDUFKVKRZHGDKLJKHU
DPRXQWRIVHFRQGDU\SKDVHVQDPHO\/L6L20Q2DQG0Q6L21H[WWRWKHPDLQ
SRO\PRUSKWUDFHVRIWKHRUWKRUKRPELF̟,,SKDVHZHUHSUHVHQWLQVDPSOHVZLWKORZRU
QRFRUQVWDUFKDGGLWLRQ7KHDGGLWLRQRIFRUQVWDUFKDVFDUERQIRUPHUKDVEHHQIXU
WKHU VKRZQ WRKDYHDKXJH LPSDFWRQ WKHSDUWLFOH VL]H DQG VXUIDFH DUHDDQG LVEH
OLHYHGWRKLQGHUH[FHVVLYHSDUWLFOHJURZWK+HQFHLWDOVRJUHDWO\DIIHFWHGWKHHOHFWUR
FKHPLFDOSHUIRUPDQFH7KHKLJKHVWUHYHUVLEOHFDSDFLWLHVDFKLHYHGZLWKWKHVHPDWHULDOV
ZHUHLQWKHUDQJHRIDUHYHUVLEOHHOHFWURQUHDFWLRQEXWKLJKLUUHYHUVLEOHORVVHVLQWKH
ILUVWF\FOHDQGJHQHUDOFDSDFLW\GHFD\FDXVHGE\DVWUXFWXUDOFROODSVHRFFXUUHG+LJK
DPRXQWV RI UHVLGXDO FDUERQ IXUWKHU LQFUHDVHG WKH JHQHUDOO\ SRRU UDWH SHUIRUPDQFH
ZKLFKKLJKOLJKWWKHLPSDFWRIWKHORZFRQGXFWLYLW\RI/L0Q6L2
,QWKHVHFRQGSDUWFDWLRQLFVXEVWLWXWLRQVEDVHGRQWKHHODERUDWHGV\QWKHVLVPHWKRG
ZHUH LQYHVWLJDWHG7KH LQFRUSRUDWLRQ RI XS WR PRO)HZDV VKRZQ+LJKHU)H
FRQFHQWUDWLRQZRXOGUHTXLUHFKDQJHVLQWKHV\QWKHVLVPHWKRGVLQFHWKHDFLGLFEHKDY
LRXURI IHUULFQLWUDWHKDGDVWURQJ LQIOXHQFHRQWKHJHODWLRQ)HVXEVWLWXWHGVDPSOHV
VKRZHGDQLQFUHDVHGHOHFWURFKHPLFDOSHUIRUPDQFH$OVRKHUHSRRUUDWHFDSDELOLW\DQG
KLJKFDSDFLW\GHFD\ZDVREVHUYHG)XUWKHUPRUHWKHLQFRUSRUDWLRQRIPRO9LQWR
/L0Q6L2ZDVVXFFHVVIXOO\VKRZQ,WZDVLQWHQGHGWRLQFRUSRUDWH9HLWKHURQD0Q
VLWHRURQD6LVLWH LQWKHVWUXFWXUH7KHHQKDQFHGHOHFWURFKHPLFDOSHUIRUPDQFHDQG
WKHQRWZHOOXQGHUVWRRGQDWXUHRI9VXEVWLWXWLRQZHUHIXUWKHULQYHVWLJDWHG
)RUVXEVHTXHQWLQGHSWKLQYHVWLJDWLRQVFRQFHUQLQJWKHIHDVLELOLW\RIVXEVWLWXWLQJ9IRU
0QRU6LQRPLQDOFRPSRVLWLRQV/L0Q[9[6L2[DQG/L0Q6L[9[2
[ZHUHV\QWKHVLVHG/LPLWHGVROLGVROXELOLW\RI9RQWKH0QVLWHZDVVKRZQ
WRFDXVHSKDVHVHSDUDWLRQDQG9H[FOXVLRQDW9FRQFHQWUDWLRQVPRO7KHVXE
VWLWXWLRQRQWRWKH6LVLWHFDXVHGLQFUHDVHGPLVILWVLQWKHSDWWHUQVVXJJHVWLQJGLVRUGHU
+RZHYHURYHUDOOWKHV\VWHPFRXOGVWLOOEHGHVFULEHGE\WKHVSDFHJURXS3PQ$Q
&KDSWHU&RQFOXVLRQV


LQKRPRJHQHRXV GLVWULEXWLRQ RI9ZKLFKZDVPDLQO\ SUHVHQW LQ D WHWUDYDOHQW VWDWH
ZDVUHYHDOHGE\67(0((/6'HSHQGHQWRQWKHFRQFHQWUDWLRQVRPHORZHUYDOHQFH
9DWORZHUFRQFHQWUDWLRQVDQGKLJKHUYDOHQFH9DWKLJKHUFRQFHQWUDWLRQVZHUHGHWHFW
HG$FRPELQDWLRQRIWKHILQGLQJVVWURQJO\VXJJHVWVYDU\LQJORFDOFRPSRVLWLRQV;5'
DQG 67(0((/6 IXUWKHU UHYHDOHG WKH DSSDUHQW VHFRQGDU\0Q2SKDVH WR EHPRUH
FRUUHFWO\ DGGUHVVHG DV0Q[9\2 [\7KLVSKDVH LVEHOLHYHG WREH FDXVHG
HLWKHUE\DOLPLWHGVROLGVROXELOLW\RIWKHV\VWHPRULQGXFHGE\WKHWKHUPDOKLVWRU\RI
WKHVDPSOH6XSHULRUHOHFWURFKHPLFDOSHUIRUPDQFHZDVGHWHFWHGIRU/L0Q6L[9[2
 [  VWUXFWXUHV7KH KLJKHVW GLVFKDUJH FDSDFLW\ZDV RIIHUHG E\ WKH QRPLQDO
FRPSRVLWLRQ/L0Q6L92ZKLFKUHDFKHGP$KJ LQWKH LQLWLDOF\FOHDW
P$J 7KLV YDOXH FRUUHVSRQGV URXJKO\ WR WKH  /L SHU IRUPXOD XQLW UHDFWLRQ7KH
YDOXHZDV KLJKHU WKDQ WKH UHIHUHQFH VDPSOH&9PHDVXUHPHQWV UHYHDOHG DGGL
WLRQDOUHGR[DFWLYLW\ZKLFKFRXOGEHDWWULEXWHGWRWKH99UHGR[FRXSOH$&LP
SHGDQFHVSHFWURVFRS\VKRZHGGHFUHDVHGFKDUJHWUDQVIHUUHVLVWDQFHDQGLQFUHDVHGYDO
XHVIRU/LGLIIXVLRQ8QIRUWXQDWHO\QRHIIHFWRQWKHVWUXFWXUDOLQVWDELOLW\XSRQF\FOLQJ
ZDVGHWHFWHGDQGLQVLWX;5'DQDO\VLVVKRZHGDPRUSKLVDWLRQRIWKHVXEVWLWXWHGDQG
UHIHUHQFHVDPSOHV
7KH ODVWSDUWFRQFHUQHGWKH IHDVLELOLW\RID VFDODEOHPHWKRGFDSDEOHRI V\QWKHVLVLQJ
GHVLUHGQDQRVWUXFWXUHV/LTXLGIHHGIODPHVSUD\S\URO\VLVZDVVKRZQDVDQDOWHUQDWLYH
PHWKRGZKLFKHQDEOHVSUHSDUDWLRQRIQDQRVFDOHG/L0Q6L2LQODUJHTXDQWLWLHV7KH
KHDWRIFRPEXVWLRQRIWKHSUHFXUVRUVROXWLRQKDGDPDMRULPSDFWRQWKHSDUWLFOHPRU
SKRORJ\DQGWKHUHVXOWLQJHOHFWURFKHPLFDOSHUIRUPDQFH)XUWKHUPRUHWKHOLNHOLKRRGRI
/L0Q6L2 WROHUDWLQJ VOLJKW0Q VXEVWRLFKLRPHWU\ZDV VKRZQ7KHKLJKHVW FDSDFLW\
DFKLHYHGLQWKLVVWXG\ZDVP$KJGXULQJWKHILUVWGLVFKDUJHDWDFXUUHQWGHQVLW\
RIP$J$WDQHOHYDWHGFXUUHQWGHQVLW\RIP$JWKHILUVWGLVFKDUJHFDSDFLW\
VWLOOH[FHHGHGP$KJGHPRQVWUDWLQJWKHLPSURYHGUDWHSHUIRUPDQFH9DOXHVRYHU
 P$KJ FDQQRW VROHO\ EH FDXVHG E\ WKH0Q UHGR[ FRXSOH $OVR WKH KLJK
FKDUJHFDSDFLWLHV VXJJHVWDFWLYLW\RI WKHVHFRQG UHGR[FRXSOH 0QDW ORZFXU
UHQWGHQVLWLHVEXWWKHVWUXFWXUDOFROODSVHGRHVQRWDOORZIXOO UHOLWKLDWLRQGXULQJWKH
GLVFKDUJH ,WZDVQRWSRVVLEOH WR UHDFKWKHWKHRUHWLFDOFDSDFLW\HYHQDW ORZFXUUHQW
GHQVLWLHVDQGLWFDQWKXVEHFRQFOXGHGWKDWWKHPRELOLVDWLRQRIWKHVHFRQG/LLRQQRW
RQO\ UHTXLUHV WKH VWUXFWXUDO LQVWDELOLW\ WREH RYHUFRPHEXWDOVR HOHFWURO\WHVZLWKD
ODUJHU SRWHQWLDOZLQGRZ$OO VDPSOHV LQ WKLV VWXG\ VKRZHGDSURPLQHQW LUUHYHUVLEOH
FDSDFLW\ORVVEHWZHHQWKHILUVWFKDUJHDQGGLVFKDUJHDQGFDSDFLW\IDGHFDXVHGE\WKH
VWUXFWXUDO LQVWDELOLW\ RI /L0Q6L2 ,Q VLWX;5' H[SHULPHQWV VKRZHG WKDW DQ LUUH
YHUVLEOH ORVV RI FU\VWDOOLQLW\ DOUHDG\ RFFXUV GXULQJ WKH ILUVW FKDUJH ,W LV FRQFOXGHG
WKDW/L0Q6L2KDVPDMRUVKRUWFRPLQJVWREHVROYHGEHIRUH LWFRXOGSRWHQWLDOO\EH
FRPH LQWHUHVWLQJ IRU EDWWHU\ DSSOLFDWLRQV VLQFH WKH DELOLW\ RI GHOLYHULQJ WZR/L SHU
&KDSWHU&RQFOXVLRQV


IRUPXODXQLWLVQRWSRVVLEOHLQWKHJLYHQSRWHQWLDOUDQJHZLWKRXWWKHVWDELOLVDWLRQRI
WKHVWUXFWXUH
)XUWKHUPRUHWKHV\QWKHVLVPHWKRGZDVVKRZQWREHDSSOLFDEOHDOVRWR/L)H6L2DQG
/L)H0Q6L2 %RWK FRPSRXQGV ZHUH VXFFHVVIXOO\ V\QWKHVLVHG ZLWK KLJK SKDVH
SXULWLHV 7KH FRQFHQWUDWLRQ RI IHUULF QLWUDWH VKRZHG D PDMRU LPSDFW RQ SDUWLFOH
JURZWK DQG /L)H6L2 V\QWKHVLVHG IURP D OHVV FRQFHQWUDWHG VROXWLRQ VKRZHG LQ
FUHDVHG VXUIDFH DUHD DQG HOHFWURFKHPLFDO SURSHUWLHV /L)H6L2 ZDV LQGH[HG WR WKH
PRQRFOLQLF ̟V SRO\PRUSK DQG FRQYHUWHG WR WKH LQYHUVH ̞,, VWUXFWXUH XSRQ F\FOLQJ
/L)H0Q6L2ZDVSUHVHQWLQDPL[WXUHRIPRQRFOLQLF̟VDQGRUWKRUKRPELF̞,,,W
UHDFKHGDGLVFKDUJHFDSDFLW\RIP$KJDWDFXUUHQWGHQVLW\RIP$JVXJJHVW
LQJWKDWERWKFDWLRQVXQGHUJRWRDODUJHH[WHQWWKHRQHHOHFWURQUHGR[UHDFWLRQ6H
YHUHFDSDFLW\IDGLQJXSRQF\FOLQJZDVREVHUYHGVLPLODUWRWKHZHOONQRZQEHKDYLRXU
RI /L0Q6L2+RZHYHUZKLOH /L0Q6L2 ORVHV DOPRVW DOO FDSDFLW\ XSRQ SURORQJHG
F\FOLQJ/L)H0Q6L2UHWDLQHGRIWKHLQLWLDOFDSDFLW\DIWHUSURORQJHGF\FOLQJ
7KHVROLGVROXWLRQ/L)H0Q6L2ZDVVKRZQWREHDWOHDVWSDUWO\FU\VWDOOLQHDIWHU
SURORQJHGF\FOLQJKHQFH LQGLFDWLQJD VOLJKWO\PRUH VWDEOH VWUXFWXUH'LIIHUHQWLDO FD
SDFLW\ SORWV VXJJHVW WKH UHGR[ DFWLYLW\ LQ ODWHU F\FOHV WR EH FDXVHG VROHO\ E\
)H)H0Q LV EHOLHYHG WR HLWKHU IRUP DQ HOHFWURFKHPLFDOO\ LQDFWLYH DPRUSKRXV
SKDVHRUGLVVROYHLQWRWKHHOHFWURO\WH,QFRPSDULVRQ/L)H6L2ZDVVKRZQWREHVWD
EOHXSRQSURORQJHGF\FOLQJ,QWKLVVWXG\/L)H6L2ZDVF\FOHGXSWRWLPHVZLWK
PRUHWKDQFDSDFLW\UHWHQWLRQ3RVWF\FOLQJ;UD\GLIIUDFWLRQDQGWKHHYROXWLRQRI
WKHGLIIHUHQWLDOFDSDFLW\GHPRQVWUDWHDVWDEOHV\VWHP$WHOHYDWHGWHPSHUDWXUHVDQGD
VORZUDWHWKHUHYHUVLEOHH[FKDQJHRIXSWRRQH/LSHU)HZDVVKRZQ
 
&KDSWHU&RQFOXVLRQV



&KDSWHU2XWORRN


 2XWORRN
:KLOHLWZDVVKRZQLQWKHODVWSDUWRIWKLVZRUNWKDWQDQRVL]LQJDQGFDUERQFRDWLQJ
FDQRYHUFRPHFDSDFLW\DQGUDWHSHUIRUPDQFHLVVXHVFDXVHGE\WKHSRRULRQLFDQGHOHF
WURQLFFRQGXFWLYLW\WKHVWUXFWXUDOLQVWDELOLW\XSRQR[LGDWLRQDQGWKHQHHGIRUKLJKHU
SRWHQWLDOV OLPLW WKH SHUIRUPDQFH RI /L0Q6L27R FRPSOHWHO\ H[SORLW WKH /L SHU
IRUPXODXQLWDQGKHQFHWKHVHFRQGUHGR[FRXSOH0Q0QHOHFWURO\WHVZLWKDVWD
EOHSRWHQWLDOZLQGRZRIDWOHDVW9DUHUHTXLUHG%XWHYHQLIWKDWPLJKWEHWKHFDVH
VRRQVWDELOLVLQJKLJKHUYDOHQFHVRI0QLQDWHWUDKHGUDOHQYLURQPHQWVHHPVKRSHOHVV
VLQFHHYHQFDWLRQVXEVWLWXWLRQFDQQRWKLQGHUWKHVHYHUHFDSDFLW\IDGH
9VXEVWLWXWLRQKDVEHHQVKRZQWRKDYHDPDMRULQIOXHQFHRQWKHSHUIRUPDQFHE\GH
FUHDVLQJWKHFKDUJHWUDQVIHUUHVLVWDQFHDQGLQFUHDVLQJWKH/LLRQPRELOLW\$GGLWLRQDO
O\WKHUHVXOWV LQWKLVVWXG\VWURQJO\VXJJHVWUHGR[DFWLYLW\RI9LQWKHRUWKRVLOLFDWH
VWUXFWXUH6LQFHWKHDYDLODEOH OLWHUDWXUHRQ9VXEVWLWXWLRQ LVXQVDWLVIDFWRU\ LWZRXOG
EHKLJKO\LQWHUHVWLQJWRVHHLI9LQFRUSRUDWLRQLQ/L)H6L2ZRXOGVKRZWKHVDPHSRV
LWLYH HIIHFW )XUWKHUPRUH WKH FRQWURO RI SR DQG WKH WKHUPDO KLVWRU\ VKRXOG EH LP
SURYHGLQRUGHUWRGHWHUPLQHWKHOLPLWDWLRQVRI9VXEVWLWXWLRQDQGJLYHULVHWRHODER
UDWHDSKDVHGLDJUDP
/LTXLGIHHGIODPHVSUD\S\URO\VLVKDVVKRZQFDSDELOLW\RISURGXFLQJDQDQRVFDOHSUH
FXUVRUZKLFKFDQEHFRQYHUWHGLQWRKLJKO\DFWLYH/L06L2FRPSRXQGV7KHDGGLWLRQ
RI FDUERQ IRUPHU DQG DQ DQQHDOLQJ VWHS DUH VWLOO UHTXLUHG%XW LQ FRQWUDVW WR WRS
GRZQDSSURDFKHVWKHPL[LQJVWHSLVRQO\DKRPRJHQLVDWLRQVWHSUDWKHUWKDQDJULQG
LQJ VWHS LQRUGHU WR UHGXFH WKHSDUWLFOH VL]H+HQFHD VROXEOH FDUERQ IRUPHUZRXOG
VLPSOLI\WKLVVWHS)XUWKHUPRUHWKHPRUSKRORJ\RI/L)H6L2KDVWREHLPSURYHGWR
WKHVDPHOHYHODVREVHUYHGIRU/L0Q6L27KHVXEVWLWXWLRQRIIHUULFQLWUDWHE\PRUH
FRPEXVWLEOH )H FRQWDLQLQJ FRPSRXQGV ZRXOG EH SURPLVLQJ 6LQFH WKH VROXELOLW\ RI
PRVW LQRUJDQLF FRPSRXQGV LQ RUJDQLF VROXWLRQV OLNH WKH HWKDQRO S[\OHQH PL[WXUH
XVHG KHUH LV YHU\ OLPLWHG RUJDQRPHWDOOLF)H FRPSRXQGV OLNH IHUURFHQH)H FDUER[
\ODWHVRU)HDONR[LGHVVKRXOGEHFRQVLGHUHG
 
&KDSWHU2XWORRN


/LTXLGIHHGIODPHVSUD\S\URO\VLVRIVXFKDKLJKO\FRPEXVWLEOHVROXWLRQFRXOGUHVXOWLQ
DPRUSKRORJ\HTXDOWRRUHYHQLPSURYHGFRPSDUDEOHWRWKHPRUSKRORJ\REVHUYHGIRU
/L0Q6L2,IFRPELQHGZLWKDVROXEOHFDUERQIRUPHUWKHPHWKRGFRXOGJLYHULVHWR
WKHSURGXFWLRQRIEDWWHU\JUDGH/L)H6L2 LQDVKRUWDPRXQWRI WLPHDQGKHQFHEH
SURPLVLQJDVFDWKRGHPDWHULDO
&KDSWHU5HIHUHQFHV


 5HIHUHQFHV
 0LOD]]R*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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&XHQFD5&RVWVRI/LWKLXP,RQ%DWWHULHVIRU9HKLFOHV9RO

 3DGKL$.1DQMXQGDVZDP\.6*RRGHQRXJK-%3KRVSKR2OLYLQHVDV
3RVLWLYH(OHFWURGH 0DWHULDOV IRU 5HFKDUJHDEOH /LWKLXP %DWWHULHV -
(OHFWURFKHP6RF
 $QGUH'.LP6-/DPS3/X[6)0DJOLD)3DVFKRV26WLDV]Q\
% )XWXUH *HQHUDWLRQV RI &DWKRGH 0DWHULDOV $Q $XWRPRWLYH ,QGXVWU\
3HUVSHFWLYH-0DWHU&KHP$ي
 1\W«Q $ $ERXLPUDQH $ $UPDQG 0 *XVWDIVVRQ 7 7KRPDV - 2
(OHFWURFKHPLFDO 3HUIRUPDQFH RI /L)H6L2 DV D 1HZ /L%DWWHU\ &DWKRGH
0DWHULDO(OHFWURFKHPFRPPXQي
 'RPLQNR 5 %HOH0*DEHUģÏHN00HGHQ$5HPģNDU0 -DPQLN -
6WUXFWXUH DQG (OHFWURFKHPLFDO 3HUIRUPDQFH RI /L0Q6L2 DQG /L)H6L2 DV
3RWHQWLDO /L%DWWHU\ &DWKRGH0DWHULDOV(OHFWURFKHP FRPPXQ   
ي
 +D[HO*%+HGULFN-%2UULV*-6RXQG62I00LQHUDO285
5DUH(DUWK(OHPHQWVً&ULWLFDO5HVRXUFHVIRU+LJK7HFKQRORJ\8QLWHG6WDWHV
*HRO6XUY)DFW6KHHW
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$UPVWURQJ$
5 %UXFH 3 * 6LOLFDWH &DWKRGHV IRU /LWKLXP %DWWHULHV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&KDSWHU5HIHUHQFHV


0XOWLQXFOHDU 105 6WXG\ RI 9DQDGDW92[DODWH &RPSOH[HV LQ $TXHRXV
6ROXWLRQ$FWD&KHPLFD6FDQGLQDYLFDSSي
3UDWVLQLV 6 ( )ODPH $HURVRO 6\QWKHVLV RI &HUDPLF 3RZGHUV3URJ (QHUJ\
&RPEXVW6FLي
$WKDQDVVLRX(.*UDVV516WDUN:-&KHPLFDO$HURVRO(QJLQHHULQJ
DV D 1RYHO 7RRO IRU 0DWHULDO 6FLHQFH )URP 2[LGHV WR 6DOW DQG 0HWDO
1DQRSDUWLFOHV$HURVRO6FL7HFKQROي
.DPPOHU+.0¦GOHU/3UDWVLQLV6()ODPH6\QWKHVLVRI1DQRSDUWLFOHV
&KHP(QJ7HFKQROي
'DKO3,7KRPDVVHQ06&ROPHQDUHV/&%DUQHWW$2/RPDV6
9XOOXP 3 ( +DQHWKR 6 0 0RNNHOERVW 7 )ODPH 6SUD\ 3\URO\VLV RI
(OHFWURGH0DWHULDOVIRU(QHUJ\$SSOLFDWLRQV0DWHUWLDOV5HV6RF6\PS3URF

%DUDQZDO59LOODU03*DUFLD5/DLQH50)ODPH6SUD\3\URO\VLVRI
3UHFXUVRUVDVD5RXWHWR1DQR0XOOLWH3RZGHU3RZGHU&KDUDFWHUL]DWLRQDQG
6LQWHULQJ%HKDYLRU-$P&HUDP6RFي
(UQVW ) 2 .DPPOHU + . 5RHVVOHU $ 3UDWVLQLV 6 ( 6WDUN : -
8IKHLO-1RY£N3(OHFWURFKHPLFDOO\$FWLYH)ODPH0DGH1DQRVL]HG6SLQHOV
/L0Q2 /L7L2 DQG/L)H20DWHU&KHP3K\V  ي

7VDQWLOLV 6 %ULHVHQ + 3UDWVLQLV 6 ( 6LQWHULQJ 7LPH IRU 6LOLFD 3DUWLFOH
*URZWK$HURVRO6FL7HFKQROي
*LULVK+16KDR*4$GYDQFHVLQ+LJK&DSDFLW\/L06L20 0Q)H
&R1L&DWKRGH0DWHULDOIRU/LWKLXP,RQ%DWWHULHV56&$GY
.HWWHOHU*:HLVV:5DQNH: 6FKO¸JO5%XON DQG 6XUIDFH3KDVHV RI
,URQ 2[LGHV LQ DQ 2[\JHQ DQG :DWHU $WPRVSKHUH DW /RZ 3UHVVXUH 3K\V
&KHP&KHP3K\Vي
*UXQG\$1+DOOVWHGW%*DXFNOHU / -7KHUPRG\QDPLF$VVHVVPHQW RI
WKH0Q26\VWHP0HWDOO7UDQV%ي
&KDSWHU5HIHUHQFHV


:ULHGW+$7KH292[\JHQ9DQDGLXP6\VWHP%XOO$OOR\SKDVH'LDJU
ي
<DPDJXFKL,0DQDEH77VXFKL\D71DNDMLPD76RKPD0.XPDJDL
73UHSDUDWLRQDQG&KDUDFWHUL]DWLRQRI(SLWD[LDO92)LOPVRQ6DSSKLUH8VLQJ
3RVWHSLWD[LDO7RSRWD[\5RXWH YLD(SLWD[LDO92)LOPV-SQ -$SSO3K\V
ي
3OXPLHU 5 6RXJL0 2EVHUYDWLRQ RI D )LUVW2UGHU 7UDQVLWLRQ DW 77F LQ
0Q923K\V%&RQGHQV0DWWHUي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6X' 6 (OHFWURQ%HDP ,QGXFHG&KDQJHV LQ7UDQVLWLRQ0HWDO2[LGHV$QDO
%LRDQDO&KHPي
6X ' 6 :LHVNH 0 %HFNPDQQ ( %OXPH $ 0HVWO * 6FKORHJO 5
5HGXFWLRQ RI 92 LQ WKH 7UDQVPLVVLRQ (OHFWURQ 0LFURVFRSH &DWDO /HWWHUV
ي
7DQ+9HUEHHFN-$EDNXPRY$9DQ7HQGHORR*2[LGDWLRQ6WDWHDQG
&KHPLFDO 6KLIW ,QYHVWLJDWLRQ LQ 7UDQVLWLRQ 0HWDO 2[LGHV E\ ((/6
8OWUDPLFURVFRS\ي
5RVVHOO0'$JUDZDO3%RUJVFKXOWH$+«EHUW&3DVVHURQH'(UQL
5'LUHFW(YLGHQFHRI6XUIDFH5HGXFWLRQ LQ0RQRFOLQLF%L92&KHP0DWHU

%DUG  D - )DXONQHU / 5 (/(&752&+(0,&$/ 0(7+2'6
)XQGDPHQWDOVDQG$SSOLFDWLRQVQG(GLWLR-RKQ:LOH\DQG6RQV,1&
0H\HUV-3'R\OH0'DUOLQJ501HZPDQ-7KH,PSHGDQFH5HVSRQVH
RI D 3RURXV (OHFWURGH &RPSRVHG RI ,QWHUFDODWLRQ 3DUWLFOHV - (OHFWURFKHP
6RF
3URVHQ ( - *LOPRQW 5 5RVVLQL ) ' +HDWV RI &RPEXVWLRQ RI %HQ]HQH
7ROXHQH(WK\OEHQ]HQH2;\OHQH0;\OHQH3;\OHQH13URS\OEHQ]HQHDQG
6W\UHQH-5HV1DWO%XU6WDQG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
'RPDOVNL ( 6 6HOHFWHG 9DOXHV RI +HDWV RI &RPEXVWLRQ DQG +HDWV RI
)RUPDWLRQRI2UJDQLF&RPSRXQGV&RQWDLQLQJWKH(OHPQWV&+123DQG
&KDSWHU5HIHUHQFHV


6-3K\V&KHP5HI'DWDSSي
1\WHQ$6WMHUQGDKO05HQVPR+6LHJEDKQ+$UPDQG0*XVWDIVVRQ
7 (GVWU¸P . 7KRPDV - 2 6XUIDFH &KDUDFWHUL]DWLRQ DQG 6WDELOLW\
3KHQRPHQD LQ /L)H6L2 6WXGLHG E\ 3(6;36 - 0DWHU &KHP  
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
2Q9DQDGLXP6XEVWLWXWLRQLQ
/L0Q6L2&DV3RVLWLYH(OHFWURGHIRU
/LLRQ%DWWHULHV
1LOV3:DJQHUD3HU(ULN9XOOXPEF0DJQXV.ULVWRIHU1RUGF$QQ0DUL
6YHQVVRQDDQG)ULGH9XOOXP%UXHUD
D'HSDUWPHQWRI0DWHULDOV6FLHQFHDQG(QJLQHHULQJ1RUZHJLDQ8QLYHUVLW\RI6FLHQFH
DQG7HFKQRORJ\
7URQGKHLP1RUZD\
E6,17()0DWHULDOVDQG&KHPLVWU\7URQGKHLP1RUZD\
F'HSDUWPHQWRI3K\VLFV1RUZHJLDQ8QLYHUVLW\RI6FLHQFHDQG7HFKQRORJ\
7URQGKHLP1RUZD\
$EVWUDFW
9DQDGLXPVXEVWLWXWLRQLVDQLQWHUHVWLQJDSSURDFKWRPDQLSXODWHWKHSURSHUWLHVRIWKH
SRRUHOHFWURQLFDQGLRQLFFRQGXFWLQJOLWKLXPWUDQVLWLRQPHWDORUWKRVLOLFDWHV(VSHFLDO
O\LILQFRUSRUDWHGRQWKH6LVLWHLWFRXOGDOWHUWKHKLJKO\LQVXODWLQJFKDUDFWHURIWKH
6L2IUDPHZRUN7KLVVWXG\DGGUHVVHVWKHIHDVLELOLW\DQGOLPLWDWLRQVRI9VXEVWLWXWLRQ
LQ/L0Q6L21RPLQDOFRPSRVLWLRQVRI/L0Q[9[6L2[DQG/L0Q6L
[9[2[ZHUHV\QWKHVLVHGE\DVROJHOPHWKRGDQGWKHVWUXFWXUDOHYROX
WLRQZDVDQDO\VHGE\;UD\GLIIUDFWLRQDQGWUDQVPLVVLRQHOHFWURQPLFURVFRS\7(0
FRXSOHGZLWKHOHFWURQHQHUJ\ORVVVSHFWURVFRS\((/6:KLOHWKHVROLGVROXELOLW\RI
9RQWHWUDKHGUDO0QVLWHVZDVVKRZQWREHOLPLWHGVXEVWDQWLDODPRXQWVRI9HQWHUHG
WKH VWUXFWXUHZKHQ LQWHQGHG WR VXEVWLWXWH6L(OHPHQWDOPDSSLQJ E\7(0 VKRZHG
WKDW 9 ZDV KLJKO\ LQKRPRJHQHRXVO\ GLVWULEXWHG DQG KLJK HQHUJ\ UHVROXWLRQ ((/6
GHPRQVWUDWHGWKDWWKHPDMRULW\RI9ZDVSUHVHQWLQDWHWUDYDOHQWVWDWH7KHQRPLQDO
FRPSRVLWLRQV /L0Q6L[9[2  [  VKRZHG VXSHULRU HOHFWURFKHPLFDO SHUIRU
PDQFHZLWKUHGXFHGFKDUJHWUDQVIHUUHVLVWDQFHDQGDQLQFUHDVHG/LLRQGLIIXVLRQFRHI
ILFLHQW)XUWKHUPRUHF\FOLFYROWDPPHWU\UHYHDOHGLQFUHDVHGUHGR[DFWLYLW\ZKLFKFDQ
EH DWWULEXWHG WR 9 ZLWKLQ WKH FRQFHQWUDWLRQ VHULHV 7KH EHVW SHUIRUPDQFH ZDV
DFKLHYHGZLWKPRO9VXEVWLWXWLRQ9VXEVWLWXWLRQEH\RQGPROFDXVHGGHWH
ULRUDWLRQRIWKHSURSHUWLHV


,QWURGXFWLRQ
(QYLURQPHQWDOO\EHQLJQOLWKLXPWUDQVLWLRQPHWDORUWKRVLOLFDWHVRIWKHJHQHUDOIRUPXOD
/L06L20 0Q)HKDYHJDLQHGLQWHUHVWVLQFH1\W«QHWDOUHSRUWHG/L)H6L2
DV FDWKRGH PDWHULDO IRU /LLRQ EDWWHULHV  7KHVH SRO\DQLRQ FRPSRXQGV FRQVLVW RI
DEXQGDQWHOHPHQWVDQGDOORZLQWKHRU\WKHUHYHUVLEOHH[FKDQJHRI/LLRQVSHUIRU
PXODXQLWي/L0Q6L2LVDQLQWHUHVWLQJFDQGLGDWHVLQFH0QFDQH[LVWLQGLIIHUHQW
R[LGDWLRQVWDWHV,,,,,,9ZLWKLQWKHSRWHQWLDOZLQGRZRIDFRPPHUFLDO/LLRQEDW
WHU\WKXVJLYHVULVHWRDKLJKWKHRUHWLFDOFDSDFLW\RIP$KJIRUWKHH[FKDQJHRI
/LSHUIRUPXODXQLW/L0Q6L2DGRSWV̞DQG̟/L32VWUXFWXUHVZKHUHDOOFDWL
RQVDUHWHWUDKHGUDOO\FRRUGLQDWHG6RIDUWZRRUWKRUKRPELF3PQ3PQEDQGWZR
PRQRFOLQLF 3Q3QSRO\PRUSKVDUHNQRZQ0RVW V\QWKHVHV LQFOXGHDQDQQHDOLQJ
VWHS DW HOHYDWHG WHPSHUDWXUHV EHWZHHQ  DQG  r& DQG UHVXOW LQ RUWKRUKRPELF
3PQRUDPL[WXUHRI3PQDQG3PQEي$PDMRUGUDZEDFNRI/L0Q6L2LVWKH
VWUXFWXUDO LQVWDELOLW\ XSRQ F\FOLQJ ZKLFK LV EHOLHYHG WR EH FDXVHG E\ FRRSHUDWLYH
-DKQ7HOOHU GLVWRUWLRQV GXULQJ R[LGDWLRQ FDXVLQJ D FKDQJH LQ WKH0Q FRRUGLQDWLRQ
DQGWKHDPRUSKLVDWLRQRIWKHVWUXFWXUH)XUWKHUPRUHWKHUDWKHULQVXODWLQJFKDU
DFWHUDQGWKHORZLRQLFFRQGXFWLYLW\RI/L0Q6L2QHHGWREHDGGUHVVHG'RPLQNRHW
DOUHSRUWHGDORZHOHFWURQLFFRQGXFWLYLW\RI·6FPDWr&7KHUHSRUWHG/L
LRQGLIIXVLRQFRHIILFLHQWUDQJHVEHWZHHQDQGFPV7KHUHSRUWHGYDO
XHV DUH VRPH RUGHUV RI PDJQLWXGH ORZHU WKDQ GLIIXVLRQ FRHIILFLHQWV UHSRUWHG IRU
/L)H6L2DQG/L)H32')7FDOFXODWLRQVE\.XJDQDWKDQHWDOIXUWKHUUHYHDOHG
D KLJK DFWLYDWLRQ HQHUJ\ EDUULHU IRU /L LRQ PLJUDWLRQ RI  H9 LQ RUWKRUKRPELF
3PQ/L0Q6L20HDQVRIUHPHG\LQJWKHFRQGXFWLYLW\LVVXHVKDYHVRIDUEHHQWR
FRDW/L0Q6L2ZLWKDWKLQOD\HURIFRQGXFWLYHFDUERQ7KHDLPRIWKLVFRDWLQJLVWR
HQKDQFHWKHHOHFWURQLFFRQGXFWLYLW\ZKLOHNHHSLQJWKHSDUWLFOHVL]HLQWKHQDQRUHJLPH
LQRUGHUWRPLQLPLVHWKHPHDQGLIIXVLRQOHQJWKRI/LLRQV,QDGGLWLRQGRSLQJ
VWUDWHJLHVRQHLWKHUWKH0QVLWHRUWKH6LVLWHDUHDQLQWHUHVWLQJDSSURDFKWRPDQLSX
ODWHWKHFRQGXFWLYLW\LVVXHV,WZDVSRLQWHGRXWWKDWGRSLQJRIWULYDOHQW$ORQWKH6L
VLWHLVHQHUJHWLFDOO\IDYRXUDEOHDQGZRXOGOHDGWRFKDUJHFRPSHQVDWLRQE\LQWHUVWLWLDO
/LLRQV$QRWKHUDSSURDFKLVWRV\QWKHVLVHOLWKLXPWUDQVLWLRQPHWDORUWKRVLOLFDWHVRI
WKHJHQHUDOIRUPXOD/L0Q[)H[6L2ZLWKWKHDLPWRNHHSDKLJKWKHRUHWLFDOFDSDFLW\
E\H[SORLWLQJWKHUHGR[FRXSOHVRI0QFRPELQHGZLWKWKHVWDELOLW\RI/L)H6L2ي
/L)H6L2DQG/L0Q6L2FU\VWDOOLVHERWKLQ̞DQG̟/L32VWUXFWXUHVDQGVLQFH
0QDQG)HDUHGLUHFWQHLJKERXUVLQWKHSHULRGLFWDEOHVLPLODULWLHVFDQEHH[SHFWHG
$QRWKHULQWHUHVWLQJFDQGLGDWHIRUSDUWLDOVXEVWLWXWLRQRIWKHWUDQVLWLRQPHWDORUVLOL
FRQLQ/L06L2FRPSRXQGVLVYDQDGLXP9LVNQRZQDVFDWKRGHPDWHULDOLQWKHIRUP
RI92يDQGDFFRUGLQJWRUHVHQW')7FDOFXODWLRQVXSWRPRO9VXEVWLWX
WLRQRQWKH)HVLWHRI/L)H6L2LVVXSSRVHGWREHVWDEOHDQGJLYHULVHWRWKUHHDGGL
WLRQDOUHGR[FRXSOHV&DOFXODWLRQVE\/LLYDWDQG7KRPDVVXJJHVWWKHSRVVLELOLW\RI


DSDUWLDOVXEVWLWXWLRQRI6L2XQLWVE\92FKDUJHFRPSHQVDWHGE\/LYDFDQFLHV
7KH\DOVR IRXQG WKH WHWUDKHGUDO VWUXFWXUH WR VWDELOLVH928S WRGDWH H[SHUL
PHQWDOVWXGLHVRI9GRSLQJLQ/L06L2FRPSRXQGVVKRZLQFRQVLVWHQFLHVDQGDUHQRW
YHU\WKRURXJK$VWXG\E\<DQJHWDO VKRZVSKDVHVHSDUDWLRQ LQWR9DQG)HFRQ
WDLQLQJVSLQHOSKDVHVDWKLJKHUGRSLQJOHYHOVRI9LQ/L)H6L2DQGDJHQHUDOGHFD\
RIWKHHOHFWURFKHPLFDOSURSHUWLHV=KDQJHWDOVXEVWLWXWHGXSWRPRO9RQWKH
)HVLWHRI/L)H6L2DQG IRXQGDVWURQJ LQFUHDVHRIHOHFWURFKHPLFDOSURSHUWLHV IRU
PRO9VXEVWLWXWLRQ$WWKHVDPHWLPHWKHLU;5'GDWDVKRZVWKDWDOPRVWDOOPD
MRU/L)H6L2GLIIUDFWLRQSHDNVGLPLQLVKDWLQFUHDVHG9FRQFHQWUDWLRQV7KHHYROXWLRQ
RIDVSLQHOSKDVHZLWKWKHPDLQSHDNDWDERXWr̅LV LJQRUHGDQGUHILQHPHQWV
EDVHGRQWKHTXDOLW\RIWKHLUGLIIUDFWLRQGDWDDUHTXHVWLRQDEOH+DRHWDOUHSRUWHGDQ
LQFUHDVHLQHOHFWURFKHPLFDOSHUIRUPDQFHZKHQPRO9DUHVXEVWLWXWHGRQWKH6L
VLWHRI/L)H6L2ZKLOHVXEVWLWXWLRQRQWKH)HVLWHFDXVHVGHWHULRUDWLRQRIWKHHOHFWUR
FKHPLFDOSURSHUWLHV7KLVJURXSDOVR LJQRUHVWKHDSSHDUDQFHRIVSLQHOSHDNVZKHQ
SDUWRIWKH)HLVUHSODFHGE\9%RWKJURXSVIXUWKHUFRQILUPHGWULYDOHQW9LQWKHLU
VDPSOHVZKHQVXEVWLWXWLRQZDVDWWHPSWHGRQ)HVLWHVE\;UD\SKRWRHOHFWURQVSHF
WURVFRS\;36+RZHYHUWKHPHDVXUHGVLJQDOFRXOGDOVREHDWWULEXWHGWRWULYDOHQW9
IURPWKHLJQRUHG9FRQWDLQLQJVSLQHOSKDVHVVLQFH;36GRHVQRWDOORZIRUKLJKVSD
WLDOUHVROXWLRQ7RWKHDXWKRUVَNQRZOHGJHWKHUHDUHVRIDUQRFRPSXWDWLRQDOVWXGLHV
FRQFHUQLQJ9VXEVWLWXWLRQLQ/L0Q6L2$EURDGHUGRSLQJVWXG\LQFOXGLQJXSWR
PRO9RQHLWKHUWKH0QRUWKH6LVLWHRI/L0Q6L2E\'HQJHWDOGHPRQVWUDWHG
DQLQFUHDVHGGLVFKDUJHFDSDFLW\IRUPRO9RQERWKVLWHVEXWGHWHULRUDWLRQIRU
PRO9:HDOVRSUHYLRXVO\UHSRUWHGLPSURYHGHOHFWURFKHPLFDOSURSHUWLHVE\WKH
LQFRUSRUDWLRQRIPRO9LQWRWKH0QRU6LVLWHRI/L0Q6L2$QRWKHUUHFHQW
VWXG\E\+ZDQJHWDOUHSRUWVXSWRPRO9VXEVWLWXWLRQ LQ/L0Q6L2DQG
FODLPVQRUHGR[FRQWULEXWLRQRI9EXWDSRVLWLYHHIIHFWRQWKH/LGLIIXVLRQFRHIILFLHQW
+HUHZHUHSRUWDPRUHV\VWHPDWLFVWXG\RIWKHIHDVLELOLW\DQGOLPLWVRI9VXEVWLWX
WLRQLQ/L0Q6L26DPSOHVZLWKWKHQRPLQDOFRPSRVLWLRQV/L0Q[9[6L2[
DQG/L0Q\6L[9[2[ZHUHSUHSDUHGDQGFKDUDFWHULVHGZLWKIRFXV
RQWKHSKDVHHYROXWLRQDVDIXQFWLRQRI9FRQFHQWUDWLRQ$FRPELQDWLRQRIVFDQQLQJ
7(067(0DQGKLJKHQHUJ\UHVROXWLRQ((/6ZDVSHUIRUPHGWRGHWHUPLQHWKHR[L
GDWLRQVWDWHVDQGWRPDSWKHGLVWULEXWLRQRI9ZLWKKLJKVSDWLDOUHVROXWLRQ)LQDOO\
WKHHOHFWURFKHPLFDOSURSHUWLHVDVDIXQFWLRQRIWKH9FRQWHQWZHUHH[DPLQHG
 


([SHULPHQWDO
6DPSOHSUHSDUDWLRQ
7KH/L0Q6L2 UHIHUHQFH VDPSOHZDV V\QWKHVLVHGE\DQDFLGLF39$DVVLVWHG VROJHO
PHWKRG XVLQJPHWDO QLWUDWHV DQG7(26 DVSUHFXUVRUV PRO0Q12  +2
0HUFN(QVXUHIRUDQDO\VLV!ZDVGLVVROYHGLQP/GHLRQLVHG+2DQG
PROGULHG/L12$OID$HVDUZDVDGGHGWRWKHVROXWLRQ7KHS+RIWKHVROX
WLRQZDVVHWWRaE\DGGLQJ+126LJPD$OGULFKSUR$QDO\VLLQRUGHUWR
VWDELOLVH0Q DQG FRQWURO WKH JHODWLRQ SURSHUWLHV $ VHFRQG VROXWLRQ FRQVLVWLQJ RI
PROWHWUDHWK\ORUWKRVLOLFDWH7(269:5DQGP/(W2+ZDVDGGHG
GURSZLVHWR WKHPHWDOFDWLRQVROXWLRQXQGHUYLJRURXV VWLUULQJ$IWHUPLQJ
39$6LJPD$OGULFK0RZLROي0Z GLVVROYHGLQP/+2ZDVDGGHG
DQGWKHVROZDVOHIWIRUJHODWLRQDWr&XQGHUVORZVWLUULQJ7KHUHVXOWLQJJHOZDV
DJHGIRUKDWURRPWHPSHUDWXUHSULRUWRGU\LQJDWr&LQDLUDQGFDOFLQDWLRQDW
r&IRUKLQIORZLQJ+$UDWPRVSKHUH$IWHUFDOFLQDWLRQWKHSUHFXUVRU
ZDVZHWPRUWDUHGZLWKZWFRUQVWDUFKDVFDUERQVRXUFHDQG(W2+DVGLVSHU
VDQW7KHFRPSRXQGZDVILQDOO\KHDWWUHDWHGIRUKDWr&LQIORZLQJ+
$UDWPRVSKHUHWRREWDLQWKHPDLQSKDVHDQGFDUERQFRDWWKHPDWHULDOLQDVLQJOH
VWHS )XUWKHU SURFHVV GHWDLOV DUH SXEOLVKHG HOVHZKHUH  1RPLQDO FRPSRVLWLRQV RI
/L0Q[9[6L2[DQG/L0Q6L[9[2[ZHUHV\QWKHVLVHG LQ
WKHVDPHPDQQHUZKHUHHLWKHUWKH0QRU6LSUHFXUVRUZDVSDUWLDOO\VXEVWLWXWHGE\
HTXLYDOHQWPRODUFRQFHQWUDWLRQRI97KH9SUHFXUVRU1+926LJPD$OGULFKSXULVV
SD!ZDVGLVVROYHGXQGHUDGGLWLRQRIWLPHVWKHPRODUHTXLYDOHQWRIR[DO
LFDFLG 6LJPD$OGULFKSXULVVSD DQK\GURXV  LQP/GHLRQLVHG+2
7KHVROXWLRQZDVOHIWWRUHDFWIRUKEHIRUHLWZDVPL[HGZLWKDP/+2VROXWLRQ
FRQWDLQLQJ/L12DQG0Q12+27(26DQG39$VROXWLRQVZHUHDGGHG LQ
WKHVDPHPDQQHUDVIRUWKHUHIHUHQFHVDPSOHDQGWKHVROZDVOHIWWRJHODVGHVFULEHG
DERYH*HODJHLQJGU\LQJFDOFLQDWLRQDQGUHGXFWLRQSDUDPHWHUVZHUHWKHVDPHDVIRU
WKHUHIHUHQFH
&KDUDFWHULVDWLRQ
6WUXFWXUDO DQDO\VLVZDVSHUIRUPHGE\SRZGHU;UD\GLIIUDFWLRQXVLQJD%UXNHU'
$GYDQFH'D9LQFLZRUNLQJLQ%UDJJي%UHQWDQR̅̅JHRPHWU\3RZGHU;5'SDW
WHUQV ZHUH UHFRUGHG IURP ̅   يr XQGHU &X.̝ UDGLDWLRQ ZLWK D VWHSVL]H RI
rDQGDQLQWHJUDWLRQWLPHRIVXVLQJDYDULDEOHVOLWVHWXS7KHVWUXFWXUHRI
/L0Q6L2ZDV ILWWHGWRWKHVSDFHJURXS3PQXVLQJ7RSDV%UXNHU$;69HUVLRQ
 7KH VWDUWLQJ PRGHO ZDV SURSRVHG E\ /L HW DO  7KH QRPLQDO FRPSRVLWLRQV


/L0Q6L[9[2[ZHUHILWWHGWRWKLVPRGHOGLVUHJDUGLQJWKHVXEVWLWXWHG9
LQWKHPRGHO6XUIDFHDUHDDQGSRURVLW\GDWDZHUHDFTXLUHGE\QLWURJHQDGVRUSWLRQ
DFFRUGLQJ WR %(7 7SORW DQG %-+ WKHRU\ RQ D 0LFURPHWULFV 7ULVWDU  7KH
SRZGHUZDVYDFXXPGULHGIRUKDWr&SULRUWRDQDO\VLV)XUWKHUPRUSKRORJLFDO
DQGVWUXFWXUDODQDO\VLVZDVFDUULHGRXWE\VFDQQLQJWUDQVPLVVLRQHOHFWURQPLFURVFR
S\ 67(0 7KH SRZGHU VDPSOHV ZHUH GLVSHUVHG LQ HWKDQRO DQG D GURSOHW ZDV
WUDQVIHUUHGWRDKROH\FDUERQFRDWHG&X7(0JULG3ULRUWR7(0FKDUDFWHULVDWLRQV
WKHVDPSOHVZHUHJHQWO\SODVPDFOHDQHG·VLQVLGHDVKLHOGLQJSRUWE\D)LVFKLRQH
SODVPDFOHDQHUWRUHPRYHSRVVLEOHFRQWDPLQDWLRQV7(0ZDVSHUIRUPHGZLWKDGRX
EOH&VFRUUHFWHGFROG)(*-(2/$50&)RSHUDWHGDWN9DQGHTXLSSHGZLWK
D*DWDQ4XDQWXP(5IRUHOHFWURQHQHUJ\ORVVVSHFWURVFRS\((/6DQGDODUJHVROLG
DQJOH  VUDG &HQWXULR GHWHFWRU IRU ;UD\ HQHUJ\ GLVSHUVLYH VSHFWURVFRS\ ('6
6SHFWURVFRS\ ERWK ('6 DQG ((/6 ZDV SHUIRUPHG ZLWK D  PUDG FRQYHUJHQFH
VHPLDQJOH DQG D  S$ SUREH FXUUHQW 6XESL[HO VFDQQLQJZDV DOZD\V DSSOLHG WR
KDYHDQHIIHFWLYHH[SRVXUHWLPHRI OHVVWKDQwV LQHYHU\ ORFDWLRQRIWKHPDSWR
DYRLG SRVVLEOH EHDPGDPDJH(OHPHQWDOPDSSLQJE\((/6ZDVSHUIRUPHGZLWK DQ
HQHUJ\GLVSHUVLRQRIH9FKDQQHODQGDFROOHFWLRQVHPLDQJOHRIPUDG+LJKHQHU
J\ UHVROXWLRQ((/6ZDV SHUIRUPHGZLWK DQ HQHUJ\ GLVSHUVLRQ RI  H9FKDQQHO D
FROOHFWLRQVHPLDQJOHRIPUDGDQGDQHQHUJ\UHVROXWLRQRIH9'XDO((/6WZR
((/VSHFWUDZHUHDFTXLUHGLQHYHU\SL[HORIWKHPDSVZDVXVHGIRUWKHILQHVWUXFWXUH
DQDO\VLVRIWKH9DQG0Q/((/ZKLWHOLQHV7KHORZORVVVSHFWUXPLQFOXGLQJWKH
]HUR ORVVSHDNZDVXVHGWRFDOLEUDWH WKHHQHUJ\VFDOHDQGWRDOORZ IRU WKH ORZ ORVV
SODVPRQVLJQDOWREHFRQYROYHGZLWKWKHFRUHORVV0QDQG9/SHDNVWRDFFRXQWIRU
PXOWLSOH VFDWWHULQJ7KH((/6PDSVZHUH LQJHQHUDOSURFHVVHGZLWKDPRGHOEDVHG
DSSURDFK  XVLQJ WKH RSHQ VRXUFH VRIWZDUH+\SHU6S\ 7ZR+DUWUHH6ODWHU HGJHV
ZHUHXVHGWRPRGHOWKH/DQG/LRQLVDWLRQHGJHVIRUERWK9DQG0Q
(OHFWURFKHPLFDOFKDUDFWHULVDWLRQ
)RUHOHFWURFKHPLFDOFKDUDFWHULVDWLRQVFDWKRGHVZHUHSURGXFHGE\WDSHFDVWLQJDQ1
0HWK\OS\UUROLGRQH1036LJPD$OGULFK!EDVHGVOXUU\RQ$OIRLODVFXUUHQW
FROOHFWRU7KHVOXUU\FRQWDLQHGZWDFWLYHPDWHULDOZWFRQGXFWLYHFDUERQ
6XSHU3/L7LPFDODQGZW3RO\YLQ\OLGHQHIOXRULGH39').\QDUUHDJHQW
JUDGHDVELQGHU&DVWWKLFNQHVVHVZHUH̨PDQGWKHVROLGORDGZDVDERXWPJ
FP&5FRLQFHOOVZHUHDVVHPEOHGLQDJORYHER[GU\$UDWPRVSKHUHXVLQJD
PPFLUFXODUFDWKRGHD&HOJDUGVHSDUDWRUDQGDFLUFXODU/LPHWDOGLVFDVDQ
RGH7KHHOHFWURO\WHFRQVLVWHGRI0/L3)GLVVROYHGLQDYROXPHUDWLRRI(WK
\OHQHFDUERQDWH'LHWK\OFDUERQDWHVROXWLRQ$OGULFK%DWWHU\JUDGH)XUWKHUPRUH
WKUHHHOHFWURGHVHWXSVZHUHDVVHPEOHGXVLQJ(&&5HIHOHFWURGHWHVWFHOOVIURP(/
FHOO)RU WKH WKUHH HOHFWURGH VHWXS/LZDVXVHGDV FRXQWHU DQG UHIHUHQFH HOHFWURGH


7KHVHSDUDWRUZDVDPPWKLFNJODVVILEUHGLVF7RSURWHFWWKHFDWKRGHIURPWKH
VKDUSILEHUVD&HOJDUGVHSDUDWRUZDVSODFHGEHWZHHQWKHFDWKRGHDQGWKHJODVVILEUH
*DOYDQRVWDWLFF\FOLQJZDVSHUIRUPHGRQD/$1+(&7$LQWKHSRWHQWLDOZLQ
GRZRIيYV/L/LDWURRPWHPSHUDWXUH6SHFLILFFDSDFLWLHVDUHUHSRUWHGZLWK
UHVSHFWWRWKHPDVVRIWKHFRUUHVSRQGLQJFDUERQFRDWHGFRPSRVLWHV7RKDYHDPRUH
FRPSDUDEOHFKDUJHUDWHRQO\WKHRQHHOHFWURQUHDFWLRQRI0Q0QZDVWDNHQLQWR
DFFRXQW DQG IRUPDWKHPDWLFDO VLPSOLFLW\ WKH FKDUJH UDWHZDV GHILQHG DV D FXUUHQW
GHQVLW\ RI P$J &&\FOLF YROWDPPRJUDPV &9DQG$& LPSHGDQFH VSHF
WURVFRS\GDWDZHUHPHDVXUHGRQD3ULQFHWRQ$SSOLHG5HVHDUFK3DUVWDWSRWHQWL
RVWDWDWURRPWHPSHUDWXUH&9VZHHSUDWHZDVP9VLQDSRWHQWLDOZLQGRZRI
يYV/L/L,PSHGDQFHGDWDZHUHFROOHFWHGDWRSHQFLUFXLWSRWHQWLDO2&37KH
DPSOLWXGHRIWKHDOWHUQDWLQJFXUUHQW$&VLJQDOZDVVHWWRP9LQDQ$&IUHTXHQ
F\UDQJHRI.+]WRP+])XUWKHUPRUH LQVLWX;5'H[SHULPHQWVWRH[DPLQH
WKHVWUXFWXUDOFKDQJHVXSRQF\FOLQJZHUHFRQGXFWHGGXULQJWKHILUVWWZRJDOYDQRVWDWLF
F\FOHV RI /L0Q6L2 DQG /L0Q6L92 3RXFK FHOOV ZHUH DVVHPEOHG XVLQJ WKH
VDPHHOHFWURGHV VHSDUDWRUDQGHOHFWURO\WHDVSUHYLRXVO\GHVFULEHG&\FOLQJZDVSHU
IRUPHGRQD3ULQFHWRQ$SSOLHG5HVHDUFK3DUVWDWDW&LQDSRWHQWLDOZLQGRZ
RIيYV/L/L7KH;5'SDWWHUQVZHUHUHFRUGHGFRQWLQXRXVO\RQD%UXNHU'
$GYDQFH'D9LQFLZLWK D /\Q[(\H;H GHWHFWRUZRUNLQJ LQ%UDJJي%UHQWDQR ̅
̅JHRPHWU\XVLQJ0R.̝UDGLDWLRQLQWUDQVPLVVLRQPRGH7KHDGGLWLRQDOOD\HUVRI
$O3(33DQG/LWKDWWKHEHDPKDGWRSHQHWUDWH LQWUDQVLWLRQPRGH OLPLWHGWKH
REVHUYDEOH̅UHJLRQZLWKRXWLQWHUIHUHQFHIURPWKHFHOOFRPSRQHQWV6FDQVZHUHUHF
RUGHGIURPWRr̅VWHSVL]HRIrLQWHJUDWLRQWLPHV
5HVXOWVDQGGLVFXVVLRQ
3KDVHHYROXWLRQDQGSRZGHUPRUSKRORJ\GHSHQGHQF\RQWKH9FRQFHQWUDWLRQ
7KHDSSOLHG9SUHFXUVRU LQLWLDOO\FRQWDLQVSHQWDYDOHQW92[DOLFDFLGZDVDGGHGWR
HQVXUHDQDFLGLFPHGLDLQRUGHUWRVXSUHVVWKHIRUPDWLRQRI9SRO\LRQVDQGWKHR[LGD
WLRQRIGLYDOHQW0Q7KH UHGXFLQJ FKDUDFWHU RI R[DOLF DFLG IXUWKHU FDXVHGDSDUWLDO
UHGXFWLRQRI9WRDWHWUDYDOHQWR[\LRQYLVLEOHWKURXJKDFRORXUFKDQJHIURP\HOORZWR
DGHHSEOXLVKJUHHQVROXWLRQ8SRQJHODWLRQXQGHUDWPRVSKHULFFRQGLWLRQV9LVUHR[L
GLVHG YLVLEOH E\ DQRWKHU FRORXU FKDQJH EDFN WR \HOORZ$OO GULHG JHOVZHUHPDLQO\
DPRUSKRXV+RZHYHUVRPHJHOVVKRZHGPLQRU/L12SUHFLSLWDWLRQV)LJXUHVKRZV
;5'SDWWHUQVRIWKHWKHUPDOKLVWRU\RIWKHFDUERQFRDWHG/L0Q6L2VDPSOHZKLFK
ZDV XVHG DV UHIHUHQFH 'XULQJ FDOFLQDWLRQ WKH FU\VWDOOLVDWLRQ RI /L6L2 DQG VSLQHO
SKDVHVRFFXUV$IWHUWKHFDOFLQHGVDPSOHLVPL[HGZLWKFRUQVWDUFKDVFDUERQIRUPHU
DQGKHDWWUHDWHGDWr&PDLQO\/L0Q6L2LQWKHVSDFHJURXS3PQLVSUHVHQW


$GGLWLRQDOO\ PLQRU WUDFHV RI0Q2 DQG /L6L2 ZHUH GHWHFWHG 7KH DSSHDUDQFH RI
PLQRUVHFRQGDU\SKDVHVLVRIWHQUHSRUWHGIRU/L0Q6L2,WLVPRVWSUREDEO\GXHWR
DQXQFRPSOHWHGSKDVHIRUPDWLRQZKLFKFDQEHH[SODLQHGE\VOXJJLVKNLQHWLFVLQWKLV
FRPSOLFDWHGTXDWHUQDU\R[LGH
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
)LJXUH3RZGHU;5'SDWWHUQVRIWKH/L0Q6L2UHIHUHQFHVDPSOHDIWHUJHO
GU\LQJDIWHUFDOFLQDWLRQDQGDIWHUILQDOKHDWWUHDWPHQWDQG&FRDWLQJ3KDVHV
DUHGHQRWHGDQG/L0Q6L23PQEUDJJUHIOHFWLRQVDUHLQFOXGHG
7KHSRZGHU;5'SDWWHUQVRIWKHQRPLQDOFRPSRVLWLRQV/L0Q[9[6L2[
PDJQLILHGDUHDVWRDQGWRr̅DQGWKHFU\VWDOVWUXFWXUHLQFOXGLQJWKH
DQGODWWLFHSODQHVDUHJLYHQLQ)LJXUH7KH9FRQFHQWUDWLRQZDVSUR
JUHVVLYHO\LQFUHDVHGLQPROVWHSVXQWLOPRO$FOHDULQFUHDVLQJWUHQGLQVHF
RQGDU\SKDVHVLVYLVLEOH1H[WWRWKHSUHYLRXVO\PHQWLRQHG/L6L2DQG0Q2DQLQ
FUHDVLQJDPRXQWRID9ULFKVSLQHOSKDVHZDVGHWHFWHGLQGLFDWLQJWKHOLPLWHGVROXELOL
W\RI9RQWKH0QVLWHRI/L0Q6L27KHPDJQLILHGDUHDVWRDQGWRr
̅VKRZDQLQFUHDVHLQWKHLQWHQVLW\RIWKHVSLQHODQG/L6L2SHDNVZKLOHWKH
GLIIUDFWLRQ OLQH RI/L0Q6L2 DOWKRXJK VWHDG\ LQSRVLWLRQ LV VWURQJO\GHFUHDVLQJ LQ
LQWHQVLW\DQGDWWKHVDPHWLPHEURDGHQLQJ5HGXFHGLQWHQVLWLHVZHUHDOVRGHWHFWHGIRU
WKHDQGUHIOHFWLRQVDWDQGr̅UHVSHFWLYHO\%RWKWKH
DQG ODWWLFHSODQHVRIIHUDKLJKHOHFWURQGHQVLW\PDLQO\GXHWR0QZKLFKLV
WKHKHDYLHVW DWRPRI WKH VWUXFWXUH DQGKHQFH H[KLELWV WKHKLJKHVW HOHFWURQGHQVLW\
7KHVDPHLVYDOLGIRUWKHSODQHEXWIRUFODULW\RIWKHILJXUHWKH LOOXVWUDWLRQRI
WKH  SODQH ZDV LJQRUHG 7KH REVHUYDWLRQV RI GHFUHDVLQJ SHDN LQWHQVLWLHV IURP


%UDJJVFDWWHULQJE\SODQHVZLWKDKLJKHOHFWURQGHQVLW\JRYHUQHGE\0QZKLOHWKH
DPRXQWRID9DQG0QFRQWDLQLQJVSLQHOSKDVHLVLQFUHDVLQJOHDGVWRWKHFRQFOXVLRQ
WKDWWKH9VROLGVROXELOLW\RQWKH0QVLWHLVYHU\OLPLWHG(OHYDWHGFRQFHQWUDWLRQVRI
9ZKLFKLVRFWDKHGUDOO\FRRUGLQDWHGDQGWULYDOHQWLQWKHVSLQHOSKDVHGRQRWSRS
XODWHWKHWHWUDKHGUDO0QVLWHVEXWUDWKHUFDXVHSKDVHVHSDUDWLRQ,QIDFWWKHDSSDU
HQWGHFUHDVHRIWKHLQWHQVLW\DWKLJKHU9FRQFHQWUDWLRQVVXJJHVWVDKLJKO\GHIHF
WLYH /L0Q[6L2 VWUXFWXUH 6LPLODU REVHUYDWLRQV ZHUHPDGH E\ <DQJ HW DO IRU 9
VXEVWLWXWLRQRQ WKH)HVLWHRI/L)H6L2 $VSUHYLRXVO\PHQWLRQHGRWKHUDXWKRUV
LJQRUHG WKH SUHVHQFH RI VSLQHO GLIIUDFWLRQ OLQHV LQ WKHLU GLIIUDFWRJUDPV ZKHQ WKH\
FODLPHG9VXEVWLWXWLRQRQWKHWUDQVLWLRQPHWDOVLWHRIERWK/L)H6L2DQG/L0Q6L2
7KHLQFUHDVHGDPRXQWRI/L6L2LVFRUUHVSRQGLQJO\LQHYLWDEOHVLQFHWKHWUDQVL
WLRQPHWDOFRQFHQWUDWLRQQHFHVVDU\WRIRUPWKHPDLQSKDVHLVGHFUHDVHG
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/L0Q[9
Q6L23
;5'SDWW
9DQG0
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WHQVLW\Z

[6L2
PQ
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Q
PQ
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

&RQWUDU\ WR WKH REVHUYDWLRQV PDGH IRU /L0Q[9[6L2 WKH QRPLQDO FRPSRVLWLRQV
/L0Q6Lo[9[2[VKRZQRHYLGHQFHRI9ULFKVSLQHOSKDVHV7KHSDWWHUQV
ZHUHILWWHGWRD/L0Q6L2PRGHO7KHQDQRFU\VWDOOLQHFKDUDFWHULQFRPELQDWLRQZLWK
D VXEVWDQWLDO DPRXQW RI FDUERQ FDXVHEURDGSHDNV DQG D ORZ VLJQDO WR QRLVH UDWLR
ZKLFKPDNHDUHDVRQDEOHILWFKDOOHQJLQJ7KHLQFRUSRUDWLRQRI9LQWRWKHHODERUDWHG
PRGHO LQRUGHU WR ILQG WKH VLWHRFFXSDQF\GLGQRWGHOLYHUPHDQLQJIXO LQVLJKWVDQG
KHQFHLVRPLWWHG)LJXUHVKRZVWKHFRUUHVSRQGLQJILWWHGSRZGHU;5'SDWWHUQVDQG
DPDJQLILHGUHJLRQIURPWRr̅7KHLQWHQVLWLHVRIWKHGLIIUDFWLRQOLQHVFRUUH
VSRQGLQJWRDFXELFURFNVDOWVWUXFWXUHG0Q2UHODWHGSKDVHDUHLQFUHDVLQJDQGWKH
SHDN VKDSHV DUH EURDGHQLQJ DW KLJKHU9 FRQFHQWUDWLRQV )XUWKHU REVHUYDWLRQV ZHUH
LUUHJXODU FKDQJHV LQ SHDN LQWHQVLWLHV DQG VXEVWDQWLDO LQFUHDVHG LQWHQVLWLHV RI WKH
3PQ DQG GLIIUDFWLRQ OLQHV0RUHRYHU WKHSRVLWLRQRI WKH IRUPHU FKDQJHG
ZLWKLQWKHFRQFHQWUDWLRQVHULHV,ILWLVDVVXPHGWKDW9RFFXSLHV6LVLWHV%UDJJVFDW
WHULQJIURP6LULFKSODQHVVKRXOGLQFUHDVHLQLQWHQVLW\VLQFH9KDVDKLJKHUVFDWWHULQJ
SRZHUWKDQ6LGXHWRWKHKLJKHUDWRPLFQXPEHU6LJQLILFDQWFKDQJHVLQWKHDQG
GLIIUDFWLRQOLQHVZKLFKFRUUHVSRQGPDLQO\WR/LKHQFHLQGLFDWHLQFUHDVLQJGLVRUGHU
LQ WKH FU\VWDO VWUXFWXUH DV ZHOO DV ORFDO GHYLDWLRQV DQG GLVWRUWLRQ RI WKH XQLW FHOO
ZKLFKFRXOGOHDGWRDORZHUHGV\PPHWU\7KHLQFUHDVHGLQWHQVLW\RIWKHWZRGLIIUDF
WLRQOLQHVFRXOGLQGLFDWHDSDUWLDO/L9RU/L0QVLWHUHYHUVDOZLWKLQFUHDVLQJ9FRQ
FHQWUDWLRQ&DWLRQ VLWHUHYHUVDO LV REVHUYHG LQ/L)H6L27KHPDWHULDO XQGHUJRHV D
WUDQVLWLRQWRDQLQYHUVHG̞,,VWUXFWXUHZKLFKLVVLPLODUWRWKHVWUXFWXUHRI/L0Q6L2
EXW)HRFFXSLHVKDOIWKH/LVLWHV7KHUHYHUVDOFDXVHVLQFUHDVHGLQWHQVLWLHVRIWKH
DQGGLIIUDFWLRQOLQHV3PQODWWLFHSDUDPHWHUVWKHFDOFXODWHGFU\VWDOOLWHVL]H
DQGWKHFDUERQFRQWHQWIURP7*$DQDO\VLVDUHJLYHQLQ7DEOH7KHODWWLFHSDUDPH
WHUVRIWKHFRQFHQWUDWLRQVHULHVVKRZDPLQRULQFRQVLVWHQWWUHQGWRDQLQFUHDVHGFHOO
YROXPH7KLVREVHUYDWLRQZDVXQH[SHFWHGVLQFHHYHQSHQWDYDOHQW9KDVDELJJHULRQ
LFUDGLXVWKDQ6LDQGVKRXOGLQIOXHQFHWKHODWWLFHSDUDPHWHUVPRUHSURQRXQFHGLI9
VROHO\ RFFXSLHV RQH FU\VWDOORJUDSKLF VLWH &U\VWDOOLWH VL]HV ZHUH FDOFXODWHG WR UDQJH
EHWZHHQQPIURPWKHIXOOZLGWKDWKDOIPD[LPXPRIWKHSHDN7KHFDOFXOD
WLRQV DFFRXQWHG IRUSHDN VKDSHEURDGHQLQJGXH WR VWUDLQ7KH FDOFXODWHG FU\VWDOOLWH
VL]HVDUHFRPSDUDEOH2QHH[FHSWLRQLVWKHVDPSOHZKLFKVKRZVWKHELJJHVWFU\V
WDOOLWHVZLWKQP7KHFDUERQFRQWHQWVDUHFRPSDUDEOH7KHVDPHZDVYDOLGIRUWKH
QRPLQDOFRPSRVLWLRQV/L0Qo[9[6L2[ZKHUHWKHHVWLPDWHGFDUERQFRQ
WHQWVIURP7*$GDWDDOVRUDQJHGEHWZHHQDQGZW
 


7DEOH/DWWLFHFRQVWDQWVDQG;5'FU\VWDOOLWHVL]HVRIWKHQRPLQDOFRPSRVLWLRQV
/L0Q6L[9[2[
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
)LJXUH D)LWWHGSRZGHU;5'SDWWHUQVRIWKHQRPLQDOFRPSRVLWLRQV
/L0Q6Lo[9[2[LQFOXGLQJ/L0Q6L23PQ/L6L2DQG0Q2
%UDJJUHIOHFWLRQVE+LJKOLJKWHGDUHDIURPWRrʐLQFOXGLQJWKH
3PQKNOSRVLWLRQVDQGDYHUWLFDOOLQHDVDJXLGHIRUWKHH\H
6LQFH WKH ;5' SDWWHUQV RI WKH QRPLQDO FRPSRVLWLRQV /L0Q6Lo[9[2 [
VXJJHVW LQFRUSRUDWLRQ RI9 LQWR WKH VWUXFWXUH IXUWKHU SK\VLRFKHPLFDO FKDUDFWHULVD
WLRQZDVIRFXVHGRQWKHVHVDPSOHV7RJDLQDGHHSHUXQGHUVWDQGLQJRIKRZ9LV LQ
FRUSRUDWHG LQWR WKH VWUXFWXUH 67(0((/6 VSHFWUDOPDSV RI WKH QRPLQDO FRPSRVL
WLRQV/L0Q6L2/L0Q6L92DQG/L0Q6L92ZHUHDFTXLUHG7KHVHWXS
GHVFULEHG LQ WKH H[SHULPHQWDO VHFWLRQZDV FDUHIXOO\ FKRVHQ WR KLQGHU EHDPGDPDJH
GXULQJDFTXLVLWLRQVLQFH9LVSURQHWRUHGXFWLRQLIH[SRVHGWRWKHKLJKHQHUJ\HOHF
WURQEHDPIRUSURORQJHGWLPHV7KHHOHPHQWDOGLVWULEXWLRQRI/L0Q6LDQG2
ZDVKRPRJHQRXVLQDOOFDVHVDQGH[FHSWIRUWKHFDUERQFRDWLQJQRDPRUSKRXVDUHDV
ZHUH GHWHFWHG )LJXUHV  D DQG E VKRZ KLJK DQJOH DQQXODU GDUN ILHOG +$$')
67(0 LPDJHVRIDJJORPHUDWHVZLWK WKHQRPLQDO FRPSRVLWLRQV/L0Q6L92DQG
/L0Q6L92 UHVSHFWLYHO\ 5HG GRWWHG OLQHV LQGLFDWH WKH DUHDV ZKHUH ((/6
PDSVZHUH DFTXLUHG7KH FRUUHVSRQGLQJ9PDSVPDGH IURP WKH9/ SHDNV DUH
VKRZQLQFDQGG
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UHVSRQGLQJ0Q/HGJHVIURPWKHVDPHSL[HOVLQWKHVSHFWUXPLPDJHVDVWKHPDLQ9
VLJQDO7KHPRVWUHSUHVHQWDWLYH9VSHFWUXPLHWKHPRVWFRPPRQO\REVHUYHGR[LGD
WLRQVWDWHLQWKHDFTXLUHGVSHFWUXPLPDJHV LVVKRZQDVDVROLGEODFNOLQH7KHVHF
RQGEXWOHVVFRPPRQ9R[LGDWLRQVWDWHSUHVHQWLQHDFKRIWKHVDPSOHVLVVKRZQE\
GDVKHGEOXHOLQHV
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)LJXUH0RVWUHSUHVHQWDWLYH9/VROLGEODFNOLQHDQGWKHFRUUHVSRQGLQJ0Q
/SHDNVDFTXLUHGIURPWKHVDPHSL[HORIWKHVSHFWUXPLPDJHVRIWKHQRPLQDO
FRPSRVLWLRQVD/L0Q6L92DQGE/L0Q6L927KHPLQRU9/
SHDNVGDVKHGEOXHOLQHDUHUHFRUGHGIURPGLIIHUHQWSL[HOV


&DUHIXODQDO\VLVRIWKHHQHUJ\ORVVDWWKHSHDNRQVHWWKHVKDSHRIWKHILQHVWUXFWXUH
DQGFRPSDULVRQWRGDWDIURPRWKHUZHOOHVWDEOLVKHGPLFURVFRS\UHVHDUFKJURXSV
VWURQJO\VXJJHVWWKHPDMRULW\RI9WREHSUHVHQWLQDWHWUDYDOHQWVWDWH,QIDFW/LLYDW
DQG7KRPDVVXJJHVWHGWKHWHWUDKHGUDOVWUXFWXUHRIIHULQJDVWDELOLVLQJHIIHFWRQ92
XQLWV'LIIHUHQFHVZHUHGHWHFWHGLQWKHVHFRQGEXWOHVVFRPPRQ9R[LGDWLRQVWDWHV
WKDWZHUHVHHQ LQHDFKRIWKHVDPSOHV ,QWKHFDVHRI/L0Q6L92WKHPLQRULW\
R[LGDWLRQ VWDWHZDV FKDUDFWHUL]HG E\ D / SHDN WKDWZDV VKLIWHG WRZDUGV D ORZHU
HQHUJ\ORVVDQGWKHGLIIHUHQFHLQRQVHWZDVaH9,Q/L0Q6L92WKHRSSR
VLWHWUHQGZDVREVHUYHG$VHFRQGR[LGDWLRQVWDWHFKDUDFWHULVHGE\D/SHDNWKDW
ZDVVKLIWHGDERXWH9LQRQVHWWRZDUGVKLJKHUHQHUJ\ZDVSUHVHQW7KHVHFKHPLFDO
VKLIWV FRUUHODWH H[FHOOHQWO\ ZLWK UHSRUWHG YDOXHV  DQG FDQ EH DWWULEXWHG WR VPDOO
DPRXQWV RI WULYDOHQW 9 SUHVHQW LQ /L0Q6L92 DQG SHQWDYDOHQW 9 LQ
/L0Q6L927KHILQHVWUXFWXUHRI0QLQFORVHQHLJKERXUKRRGWRWKHPHDVXUHG
9 VLJQDOFDQEHFOHDUO\DWWULEXWHGWRGLYDOHQW0Q+RZHYHUDOVRPLQRUIUDFWLRQVRI
WULYDOHQW0QZHUHGHWHFWHGLQDOOWKHVDPSOHV7HWUDYDOHQW9ZRXOGQRWUHTXLUHDQ\
FKDUJHFRPSHQVDWLRQ LI ORFDWHGRQYDFDQW6LVLWHV+RZHYHUWKH LQKRPRJHQHRXVGLV
WULEXWLRQDQGWKHFKDQJHVLQWKH;5'SDWWHUQVLQGLFDWHFRQVLGHUDEOHGLVRUGHU7KH9
VLJQDOV FRUUHVSRQGLQJ WR D GLIIHUHQW YDOHQFH UHTXLUH FKDUJH FRPSHQVDWLRQ $ ORZHU
YDOHQFHFRXOGEHFRPSHQVDWHGE\SDUWO\R[LGDWLRQRI0QWRDWULYDOHQWVWDWH3HQWD
YDOHQW9RQWKHRWKHUKDQGZRXOGUHTXLUHWKHIRUPDWLRQRIYDFDQFLHVLQWKH/LRU0Q
VXEODWWLFH:HUHFHQWO\UHSRUWHGWKHSRVVLELOLW\RI/L0Q6L2EHLQJVWDEOHLQDVOLJKW
O\0Q GHILFLHQW VWDWH  )XUWKHUPRUH ('6 PDSSLQJ RI 0Q DQG 2 ULFK SDUWLFOHV
ZKLFKFDQEHDWWULEXWHGWRWKH0Q2UHODWHGSKDVHDOVRVKRZHGFRQVLGHUDEOHDPRXQWV
RI97KLVVXJJHVWVWKDWWKHVHFRQGDU\SKDVHGHWHFWHGE\;5'VKRXOGEHPRUHFRU
UHFWO\DGGUHVVHGDVURFNVDOWVWUXFWXUHG0Q[9\2[\0Q2SKDVHVDUHZHOO
NQRZQ WR H[LVW DV FDWLRQ VXEVWRLFKLRPHWULF R[LGHV DQG FRXOG YHU\SRVVLEO\ DFFRP
PRGDWH OLPLWHG9DPRXQWV,IWKH LQFUHDVH LQWKHVHFRQGDU\SKDVH LVGXHWRDWKHU
PRG\QDPLF OLPLW RI 9 VXEVWLWXWLRQ RU WKH WKHUPDO DQG DWPRVSKHULF KLVWRU\ RI WKH
VDPSOHVFDQQRWEHFRQFOXGHG7KHKLJKO\UHGXFLQJDWPRVSKHUHGXULQJKHDWWUHDWPHQW
FRXOGFDXVHSDUWLDOUHGXFWLRQRIWKHLQLWLDOO\SHQWDYDOHQW9WRDWULYDOHQWVWDWHDQG
RXUILQGLQJVVXJJHVWRQO\OLPLWHGVROXELOLW\IRUWKHWULYDOHQWLRQ$QRQVWRLFKLRPHWULF
VLWXDWLRQPD\RFFXULISDUWVRIWKHUHGXFHG9FDQQRWEHLQFRUSRUDWHGLQWRWKHVWUXF
WXUH7KLVUHVXOWLQJQRQVWRLFKLRPHWU\ZRXOGWKHQFDXVHVHJUHJDWLRQRIWKHH[FHVV0Q
DQG/L&RPELQLQJWKHILQGLQJVRIDQRQKRPRJHQHRXV9GLVWULEXWLRQDVZHOODVPLQRU
DPRXQWV RI 9 LQ D GLIIHUHQW YDOHQFH VWDWH OHDGV WR WKH FRQFOXVLRQ RI YDU\LQJ ORFDO
FRPSRVLWLRQV ZKLFK FRXOG H[SODLQ WKH IDFW WKDW LW ZDV QRW SRVVLEOH WR HODERUDWH D
PHDQLQJIXO5LHWYHOGPRGHOZLWKLQFUHDVLQJ9FRQFHQWUDWLRQ,WFRXOGDOVRH[SODLQZK\
QR VXEVWDQWLDO LQFUHDVH LQ FHOO YROXPHZDV GHWHFWHG7KH;UD\ GLIIUDFWRJUDPV JLYH
PRVWSUREDEO\DKLJKO\VWUDLQHGDYHUDJHRIORFDOO\YHU\GLIIHUHQWFRPSRVLWLRQVZKLFK
FDQVWLOOIDLUO\ZHOOEHGHVFULEHGE\WKH3PQVSDFHJURXS7KHLQKRPRJHQHRXVFKDU
DFWHUWKHGLIIHUHQWR[LGDWLRQVWDWHVRI9DQGWKHLQFUHDVLQJDPRXQWRIWKH0Q[9\2


[\ZLOOFDXVH VLJQLILFDQWDPRXQWVRISRLQWGHIHFWVDQGGHIHFWVRIDKLJKHU
RUGHU LQ WKH VWUXFWXUH+HQFH LWPLJKWDOWHU WKHHOHFWURQLFVWUXFWXUHRI WKHPDWHULDO
DQGSRVVLEO\DOVRDIIHFWWKH/LGLIIXVLRQ
7(0 EULJKW ILHOG PLFURJUDSKV RI WKH QRPLQDO FRPSRVLWLRQV /L0Q6L2 DQG
/L0Q6L92DQGYHUWLFDOO\DOLJQHGHOHFWURQGLIIUDFWLRQSDWWHUQVRIWKHVDPSOHV
DUHVKRZQLQ)LJXUH(OHFWURQGLIIUDFWLRQSDWWHUQVZHUHWDNHQIURPODUJHDJJORPHU
DWHVUHJLRQVwPLQGLDPHWHUFRQWDLQLQJVHYHUDOKXQGUHGVLQJOHFU\VWDOVWRYLVXDO
LVHDQDYHUDJHZKLFKDOORZVIRUFRPSDULVRQ7KHSRZGHUVFRQVLVWRIORRVHO\DJJORPHU
DWHG QDQRSDUWLFOHV ZLWK DQ RYHUDOO VLPLODU PRUSKRORJ\ 3ULPDU\ SDUWLFOHV UDQJH LQ
ERWKFDVHVIURPWRQPYDOLGDWLQJWKHFU\VWDOOLWHVL]HVFDOFXODWHGIURP;5'GD
WD7KHSDUWLFOHVDUHVXUURXQGHGE\DWKLQOD\HURIDPRUSKRXVFDUERQZKLFKZDVLQ
WHQGHGLQRUGHUWRLQFUHDVHWKHHOHFWURQLFFRQGXFWLYLW\RIWKHPDWHULDOV7KHHOHFWURQ
GLIIUDFWLRQSDWWHUQRIWKHUHIHUHQFHDQGWKHPRO9VDPSOHDUHFRPSDUDEOHDQG
QRH[WUDGLIIUDFWLRQULQJVFRXOGEHGHWHFWHG7KH\KHQFHVWUHQJWKHQWKHDVVXPSWLRQRI
DV\VWHPWKDWFDQEHRYHUDOOVWLOOGHVFULEHGE\WKHRUWKRUKRPELF3PQVWUXFWXUH

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7KHVXUIDFHDUHDZDVPHDVXUHGDFFRUGLQJWR7SORWWKHRU\ZKLFKDOORZVWRGLYLGHWKH
GDWDLQWRPLFURSRUHDUHDSRUHVQPDQGH[WHUQDOVXUIDFHDUHD)XUWKHUPRUHWKH
SRUHVL]H GLVWULEXWLRQZDV FDOFXODWHG IURP WKH %-+ GHVRUSWLRQ GDWD RI WKH /L0Q
[9[6L2FRQFHQWUDWLRQVHULHV7KHUHVXOWVDUHVXPPDULVHGLQ)LJXUH
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
)LJXUHD%(7VXUIDFHDUHDGLYLGHGLQWRPLFURSRUHDUHDDQGH[WHUQDOVXUIDFH
DUHDRIWKH/L0Q[9[6L2VDPSOHVE3RUHVL]HGLVWULEXWLRQRIWKH/L0Q
[9[6L2VDPSOHV
7KHH[WHUQDOVXUIDFHDUHDVKRZVDQLQFUHDVHXSWR9VXEVWLWXWLRQIRUKLJKHUVXE
VWLWXWLRQOHYHOVLWGHFUHDVHVDJDLQWRWKHYDOXHRIWKHUHIHUHQFHVDPSOH7KHPLFURSRUH
DUHD VKRZVDQRSSRVLQJ WUHQG VR WKDW WKHRYHUDOO VXUIDFH DUHDRI WKH VDPSOHV VWD\V
VLPLODUZLWKYDOXHVDURXQGPJ7KHLQDFFXUDF\RIWKHPHWKRGKDVDSURSRUWLRQDO
WUHQGZLWKWKHVXUIDFHDUHDYDOXHVDQG7(0VXJJHVWHGUDWKHUFRPSDUDEOHPRUSKROR
JLHV7KH SRUH VL]H GLVWULEXWLRQ GDWD VKRZV VOLJKW FKDQJHV WRZDUGV D VPDOOHUPHDQ
SRUHGLDPHWHU7KHPRUSKRORJ\RI9VXEVWLWXWHGVDPSOHVDSSHDUVWREHUDWKHUVLPLODU
DQG KHQFH FDQQRW EH XVHG WR H[SODLQ DQ\PDMRU GLIIHUHQFHV LQ WKH HOHFWURFKHPLFDO
SURSHUWLHV
 


(OHFWURFKHPLFDODQDO\VLV
7KHSHUIRUPDQFHRI/L0Q[9[6L2[DQG/L0Q6L[9[2[
ZHUH DVVHVVHG E\ JDOYDQRVWDWLF F\FOLQJ $QDO\VLV RI WKH QRPLQDO FRPSRVLWLRQ
/L0Q96L2ZDVRPLWWHG VLQFHSKDVH VHSDUDWLRQZDVDOUHDG\SUHGRPLQDQW7KH
ILUVW FKDUJH DQG GLVFKDUJH FXUYHV RI WKH VDPSOHV DUH VKRZQ LQ)LJXUH  D DQG E
:KLOHFVKRZVWKHUDWHSHUIRUPDQFHRI/L0Q6L92$OOH[SHULPHQWVZHUHFDU
ULHGRXWDWURRPWHPSHUDWXUH
6XEVWLWXWLRQ RI 9 RQ WKH 0QVLWH GLG QRW VKRZ VLJQLILFDQW FKDQJHV LQ WKH
FKDUJHGLVFKDUJHEHKDYLRXU7KHFKDUJHFDSDFLW\ZDVLQDOOFDVHVDERXWP$KJ
DQG WKH FRUUHVSRQGLQJ GLVFKDUJH VKRZHG FDSDFLWLHV UDQJLQJ EHWZHHQ  DQG 
P$KJ7KLVFRUUHVSRQGVWRDQLUUHYHUVLEOHORVVRIDERXW,QWHUHVWLQJO\WKHFD
SDFLW\ LV QRWGHFUHDVLQJZLWK LQFUHDVLQJ SKDVH VHSDUDWLRQ7KLV FRXOGEH FDXVHGE\
WKH KLJKO\ GHIHFWLYH VWUXFWXUH VKRZLQJ KLJKHU /L GLIIXVLRQ $OVR LW LV QRW H[FOXGHG
WKDWVPDOODPRXQWVRI9FRXOGEHRIIHULQJDGGLWLRQDOUHGR[DFWLYLW\LQWKHVWUXFWXUH
+RZHYHU9VXEVWLWXWLRQRQWKH6LVLWHVKRZHGDPDMRULPSDFWRQWKHHOHFWURFKHPLFDO
UHVSRQVHRIWKHV\VWHP7KHILUVWFKDUJHDQGGLVFKDUJHFDSDFLW\LQFUHDVHGZLWKLQWKH
FRQFHQWUDWLRQVHULHVDQGSHDNHGDWPRO92QO\WKHPROVDPSOHZDVDQ
H[FHSWLRQDQGVKRZHGDVOLJKWO\GHFUHDVHGFDSDFLW\FRPSDUHGWRWKHPROVDP
SOH;5'GDWDVXJJHVWHGWKHFU\VWDOOLWHVL]HRIWKLVVDPSOHWREHVLJQLILFDQWO\ODUJHU
ZKLFKFRXOGKDYHDQHJDWLYHLQIOXHQFHRQWKHFKDUJHGLVFKDUJHFKDUDFWHULVWLFVRIWKLV
VDPSOH7KHFKDUJHFDSDFLW\RIWKHPROVDPSOHZDVKLJKHUDQGWKHGLV
FKDUJH FDSDFLW\ DERXW KLJKHU FRPSDUHG WR WKH YDOXHV RI WKH UHIHUHQFH VDPSOH
7KH LUUHYHUVLEOH FDSDFLW\ ORVV KHQFH LV GHFUHDVHG WR D YDOXH RI  +RZHYHU WKH
VORSLQJGLVFKDUJHSURILOHVXJJHVWVWKHNQRZQVWUXFWXUDOFROODSVHRI/L0Q6L2WRRF
FXUDOVR LQ9VXEVWLWXWHGVDPSOHV7KH ORZHUHG LUUHYHUVLEOH ORVVFRXOGEHFDXVHGE\
ODUJHU92XQLWVNHHSLQJWKHVWUXFWXUHPRUHRSHQDQGKHQFHDOORZPRUHUHOLWKLDWLRQ
PRO9VXEVWLWXWLRQFDXVHGWKHGLVFKDUJHFDSDFLW\WRGHFUHDVHDJDLQWRDERXW
P$KJ,WVKRXOGEHNHSWLQPLQGWKDWWKHDPRXQWRIWKHGHQVHURFNVDOWVWUXFWXUHG
0Q[9\2SKDVHLVLQFUHDVLQJZLWKLQWKHVHULHVDQGZLOODWVRPHSRLQWLQIOXHQFHWKH
DPRXQWRI HOHFWURFKHPLFDOO\ DFWLYHPDWHULDO DYDLODEOH$Q LQWHUHVWLQJ IHDWXUH RI WKH
GLVFKDUJHFXUYHRIWKH9VXEVWLWXWHGVDPSOHVLVWKHOHVVSURQRXQFHGNLQNRFFXUULQJDW
DERXW9

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)LJXUH)LUVWJDOYDQRVWDWLFF\FOHDW&DQGURRPWHPSHUDWXUHRID
/L0Qo[9[6L2[DQGE/L0Q6L[9[2[F
/L0Q6L92F\FOHGDWGLIIHUHQWUDWHV
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7KHLQVLWXDQDO\VLVUHYHDOHGWKDWWKHSHDNLQWHQVLW\RIERWKWKHUHIHUHQFHVDPSOHDQG
WKHPRO9 VXEVWLWXWHG VDPSOH LVGHFUHDVLQJXSRQ WKH ILUVW R[LGDWLRQ ,QERWK
FDVHV WKH GLIIUDFWLRQ OLQHV FRUUHVSRQGLQJ WR WKH3PQ VWUXFWXUH GLPLQLVK LQWR WKH
EDFNJURXQGQRLVHDWFDSDFLWLHVFORVHWRWKHYDOXHRIWKHRQHHOHFWURQUHDFWLRQ$FFRUG
LQJWRFU\VWDO ILHOGWKHRU\WULYDOHQW0QLVKLJKO\GHVWDELOLVHG LQDWHWUDKHGUDO ILHOG
'LVWRUWLRQVRUFKDQJHVLQFRRUGLQDWLRQZRXOGVWDELOLVHWKH0QFHQWUHEXWFRXOGOHDG
WRD ORVVRI ORQJUDQJHRUGHU7KHDPRUSKLVDWLRQZDVVKRZQWREH LUUHYHUVLEOHVLQFH
QRQHRIWKHFRUUHVSRQGLQJSHDNVUHDSSHDUVXSRQUHGXFWLRQRUWKHVXEVHTXHQWF\FOH,Q
ERWKFDVHVVRPHRWKHUSHDNVDSSHDUDQGGLVDSSHDU7KHOLPLWHGPHDVXUHPHQWZLQGRZ
GLGQRWDOORZLQGH[LQJRIWKHVHGLIIUDFWLRQOLQHV)XUWKHUPRUHLWFDQQRWEHFRQFOXGHG
WKDWWKHVHSHDNVDSSHDURQWKHFDWKRGHVLGHVLQFHWKHVFDQZDVSHUIRUPHGLQWUDQVL
WLRQPRGH7KHPXOWLSOHOD\HUVWKDWKDGWREHSHQHWUDWHGDOVROLPLWWKHUHVROXWLRQRI
WKH LQ VLWX PHDVXUHPHQW 7R FRQILUP WKDW WKH REVHUYHG GLVDSSHDUDQFH RI WKH WZR
GRXEOH SHDNV LV UHSUHVHQWDWLYH WKH FHOOV ZHUH GLVDVVHPEOHG DQG&X.̝;5' VFDQV
ZHUHUHFRUGHGRIWKHFDWKRGHV,QERWKFDVHVRQO\YHU\PLQRUSHDNVFRUUHVSRQGLQJWR
WKH3PQVWUXFWXUHFRXOGVWLOOEHGHWHFWHGLQDKLJKO\DPRUSKRXVPDWUL[FRQILUPLQJ
WKH QHDUO\ FRPSOHWH ORVV RI ORQJUDQJH RUGHU DIWHU WKH LQLWLDO FKDUJH 7KLV FRQILUPV
WKDW9GRHVQRWFRQWULEXWHWRDQ\VWDELOLVDWLRQRIWKHVWUXFWXUHXSRQF\FOLQJ7RDG
GUHVV WKH TXHVWLRQ LI9 VKRZV HOHFWURFKHPLFDO DFWLYLW\ LQ /L0Q6L[9[2 RU LI WKH
LQFUHDVHG DFWLYLW\ LV FDXVHG E\ LQFUHDVHG FRQGXFWLYLW\ RI WKHPDWHULDOV F\FOLF YROW
DPPRJUDPVZHUHUHFRUGHG)LJXUHVKRZVWKHYROWDPPRJUDPVRIWKHILUVWDQGVHF
RQGF\FOHRI/L0Q6L[9[2[)XUWKHUVKRZQDUHJDOYDQRVWDWLFORQJWHUP
F\FOLQJ GDWD RI /L0Q6L2 DQG/L0Q6L92 DQG GLIIHUHQWLDO FDSDFLW\ SORWV RI
YDULRXVF\FOHV
 

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
)LJXUH&\FOLFYROWDPPRJUDPVRI/L0Q6L[9[2[DILUVWF\FOH
DQGEVHFRQGF\FOH6FDQUDWHZDVVHWWRP9VF/RQJWHUPF\FOLQJDW&
RI/L0Q6L2DQG/L0Q6L92G'LIIHUHQWLDOFDSDFLW\SURILOHRI
/L0Q6L2DQG/L0Q6L92RIWKHQGWKWKWKWKWKWKDQG
WKF\FOHRIWKHORQJWHUPF\FOLQJIURPF


7KHRQVHWRIR[LGDWLRQDQGWKHFHQWUHRIWKHDQRGLFSHDNDUHVKLIWHGWRVOLJKWO\ORZHU
SRWHQWLDOVZLWKLQFUHDVLQJ9FRQFHQWUDWLRQ)XUWKHUPRUHWKHDQRGLFSHDNDUHDLVLQ
FUHDVLQJLQWKHFRQFHQWUDWLRQVHULHVDQGSHDNLQJDWPRO9VXEVWLWXWLRQ7KHVLJ
QDOIRUPRO9VXEVWLWXWLRQLVUHGXFHGDJDLQDQGWKHGDWDLVLQDJUHHPHQWZLWK
WKHJDOYDQRVWDWLFORDGFXUYHV1RDGGLWLRQDOVLJQDOFDQEHGHWHFWHGRQILUVWR[LGDWLRQ
,QWKHFDWKRGLFGLUHFWLRQWZREURDGSHDNVDUHREVHUYHGZKHUHWKHILUVWPLQRUSHDNLV
ORFDWHGDWDERXW9DQGWKHVHFRQGPDMRUSHDNDWDERXW97KHVSOLWWLQJLQWR
WZRH[WUHPHO\EURDGSHDNVFDQEHGLUHFWO\OLQNHGWRWKHVWUXFWXUDOGHJUDGDWLRQVLQFH
WKH UHGR[SRWHQWLDO RI D JLYHQ FDWLRQ LVGHSHQGHQW RQ LWV FKHPLFDO HQYLURQPHQW ,Q
WKLVFDVHWKHILUVWPLQRUSHDNLVEHOLHYHGWRFRUUHVSRQGWR0QVWLOOLQLWVLQLWLDOFRRU
GLQDWLRQZKLOH WKH VHFRQGPDMRUSHDNDW ORZHUSRWHQWLDOGLVSOD\V0Q LQDQDOWHUHG
HQYLURQPHQWDQGSRVVLEO\LQDGLIIHUHQWFRRUGLQDWLRQ)RU9VXEVWLWXWHGVDPSOHVERWK
SHDNVDUHVKLIWHGWRVOLJKWO\KLJKHUSRWHQWLDOVZKLFKFRXOGEHFDXVHGE\DGHFUHDVHG
RYHUSRWHQWLDO,QWHUHVWLQJO\DQDGGLWLRQDOSHDNDSSHDUVDWSRWHQWLDOVFORVHWRWKHFXW
RII SRWHQWLDO8SRQ WKH VHFRQG DQRGLFSRODULVDWLRQ WKH UHIHUHQFH VDPSOH VKRZV WZR
EURDGDQRGLFSHDNVRQHREYLRXVDQGWKHRWKHURQHEDUHO\YLVLEOH7KHVDPHSHDNVDUH
REVHUYDEOHIRUWKH9VXEVWLWXWHGVDPSOHVZLWKWKHVDPHLQFUHDVLQJEHKDYLRXUDVGH
VFULEHGIRUWKHILUVWF\FOH,QDGGLWLRQDOVRDQHZDQRGLFSHDNRILQFUHDVLQJLQWHQVLW\
ZLWKLQWKHFRQFHQWUDWLRQVHULHVDWDERXW9LVREVHUYHG7KHVXEVHTXHQWFDWKRGLF
SRODULVDWLRQ UHDVVHPEOHV WKH ILUVW F\FOH TXDOLWDWLYHO\ ZKHUH 9 VXEVWLWXWHG VDPSOHV
VKRZ DQ LQFUHDVHG UHVSRQVH DQG WKH DGGLWLRQDO SHDN DW UHODWLYHO\ ORZ SRWHQWLDOV
/LLYDWDQG7KRPDVFDOFXODWHGWKHUHGR[SRWHQWLDORI99YV/L/LWREH9
LQDK\SRWKHWLFDO/L)H92VWUXFWXUH7KLVYDOXHZRXOG ILWWRWKHREVHUYHGDGGL
WLRQDODQRGLFSHDNDW9DQGWKHFDWKRGHSHDNEHORZ9EXWFDQQRWH[SODLQZK\
QRDGGLWLRQDODQRGLFSHDNZDVREVHUYHGXSRQWKHILUVWR[LGDWLRQ7KHORQJWHUPF\
FOLQJRIWKHUHIHUHQFHDQGWKHPRO9VXEVWLWXWHGVDPSOHVKRZHGDVWURQJGHFD\
LQGLVFKDUJH FDSDFLW\XSRQ F\FOLQJ IRUERWK VDPSOHVZKLOH WKHFRXORPELF HIILFLHQF\
UHDFKHV YDOXHV EHWZHHQ  DQG  DIWHU WKH ILUVW IHZ F\FOHV$IWHU  F\FOHV WKH
UHIHUHQFHVDPSOHDQGWKHPRO9VXEVWLWXWHGVDPSOHVKRZHGFDSDFLW\UHWHQWLRQV
RI  DQG  UHVSHFWLYHO\  'XULQJ ODWHU F\FOHV WKH VORSLQJ SURILOH LV OHVV SUR
QRXQFHGEXWVWLOOSUHVHQW7KHH[SHULPHQWZDVWHUPLQDWHGDIWHUF\FOHV7KHUH
PDLQLQJGLVFKDUJHFDSDFLW\ZDVDQGP$KJIRUWKHUHIHUHQFHDQGWKHPRO
9VXEVWLWXWHGVDPSOHVUHVSHFWLYHO\'LIIHUHQWLDOFDSDFLW\SURILOHVRIVHOHFWHGF\FOHVIRU
ERWKVDPSOHVZHUHGHULYHG7KH ILUVWSORWVKRZVWKHQGF\FOH ,WTXDOLWDWLYHO\UHDV
VHPEOHVWKH&9FXUYHV$OVRKHUHWKHDGGLWLRQDODQRGLFDQGFDWKRGLFSHDNVRIWKH9
VXEVWLWXWHGVDPSOHORFDWHGDWDERXW9DQGFORVHWRFXWRIIUHVSHFWLYHO\DUHYLVL
EOH%XW LW LVREYLRXVWKDW LQERWKFDVHVDOOSHDNVDUHGHFUHDVLQJXSRQF\FOLQJDQG
DOPRVWDOO YLVLEOH0Q UHGR[DFWLYLW\GLVDSSHDUV DIWHUSURORQJHG F\FOLQJ ,Q RUGHU WR
XQGHUVWDQGKRZ9 VXEVWLWXWLRQ LQIOXHQFHV WKH FKDUJH WUDQVIHU UHVLVWDQFH DQG WKH/L
GLIIXVLRQRI/L0Q6L2WKHPDWHULDOVZHUHIXUWKHUDQDO\VHGE\$&LPSHGDQFHVSHF
WURVFRS\7KH1\TXLVWUHSUHVHQWDWLRQZLWKWKHVXJJHVWHGHTXLYDOHQWFLUFXLWPRGHOLQ


WKHLQVHWLVJLYHQLQ)LJXUHD)LJXUHEVKRZVWKHGHSHQGHQFHRI=5HRQ̵
LQWKHUDQJHZHUH=5HDQG=,PDUHSDUDOOHO7KH$&LPSHGDQFHVSHFWUDFRQVLVWHGLQ
DOOFDVHVRIDGHSUHVVHGVHPLFLUFOHLQWKHKLJKIUHTXHQF\UHJLRQIROORZHGE\DOLQHSUR
ILOH7KHGDWDFDQEHGHVFULEHGE\DPRGLILHG5DQGOHVFLUFXLW7KHILUVWUHVLVWRU5H
DFFRXQWVIRUWKHHOHFWURO\WHUHVLVWDQFH7KHQH[WFRPSRQHQWVLQSDUDOOHODUHDUHVLVWRU
DFFRXQWLQJ IRU WKH FKDUJH WUDQVIHU UHVLVWDQFH 5FW DQG D FRQVWDQW SKDVH HOHPHQW
&3(UHODWHGWRWKHGRXEOHOD\HUFDSDFLWDQFH4GO7KH&3(LQSDUDOOHOWRWKHUHVLV
WRU &ROH HOHPHQW ZDV FKRVHQ WR GHVFULEH WKH GHSUHVVHG SURILOH RI WKH VHPLFLUFOH
ZKLFKLVFDXVHGE\DQLQKRPRJHQHRXVFXUUHQWGHQVLW\GLVWULEXWLRQGXHWRWKHSRURXV
VWUXFWXUH7KH ORZ IUHTXHQF\ SDUW RI WKH LPSHGDQFH VSHFWUDZDV ILWWHG E\ DQ RSHQ
FLUFXLWWHUPLQXV*HQHUDOLVHG)LQLWH:DUEXUJHOHPHQW:R
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
)LJXUH$&LPSHGDQFHGDWDRI/L0Q6L[9[2[D1\TXLVW
UHSUHVHQWDWLRQLQFOXGLQJWKHILWWHGOLQHDQGWKHHTXLYDOHQWFLUFXLW
E=5HYVˀ
7KHYDOXHVRI5H5FWDQG/LGLIIXVLRQFRHIILFLHQW'/LDUHJLYHQLQ7DEOH7KHGLI
IXVLRQ FRHIILFLHQWZDV FDOFXODWHGDFFRUGLQJ WR D:DUEXUJPRGHOZLWKD OLQHDU RYHU
YROWDJHFXUUHQWUHODWLRQVKLSXVLQJWKHIROORZLQJHTXDWLRQ

 
    /L
5 7' $ Q ) & σ=      
:KHUH5DQG7DUHWKHXQLYHUVDOJDVFRQVWDQWDQGWKHDEVROXWHWHPSHUDWXUHUHVSHF
WLYHO\$LVWKHVXUIDFHDUHDRIWKHHOHFWURGHQWKHQXPEHURIHOHFWURQVLQWKHHOHFWUR
FKHPLFDOUHDFWLRQIRU/L)LVWKH)DUDGD\FRQVWDQWDQG&/LLVWKH/LLRQFRQFHQ


WUDWLRQLQWKHPDWHULDO&/LFDQGHVFULEHGDVWKHTXRWLHQWRIGHQVLW\DQGPRODUPDVV
PXOWLSOLHGE\DIDFWRUWRDFFRXQWIRU/LSHUIRUPXODXQLW,QWKLVFDVHLWZDVDV
VXPHGWKDWWKHVXEVWLWXWHGPDWHULDOVDUHLGHQWLFDOZLWKWKHGHVLUHGQRPLQDOFRPSRVL
WLRQV7KH ODWWLFHSDUDPHWHUVJLYHQ LQ7DEOHZHUHDSSOLHGWRFDOFXODWHWKHFU\VWDO
GHQVLW\ RI HDFK VDPSOH7KHSDUDPHWHU ̯ LV WKH VORSH RI=5H YV̵ LQ WKH UDQJH
ZKHUH=5HDQG=,PKDYHVLPLODUVORSHV
7DEOH  (OHFWURO\WH DQG FKDUJH WUDQVIHU UHVLVWDQFH DQG FDOFXODWHG /L GLIIXVLRQ
FRHIILFLHQWV
[LQ/L0Q6L[9[2 5H>2KP@ 5FW>2KP@ '/L>FPV@
   (
   (
   (
   (
   (
   (
   (
8QFHUWDLQW\JLYHQLQEUDFNHWV$VVXPSWLRQVDUHGHVFULEHGLQWKHPDLQWH[W

7DEOHVKRZVWKDW9VXEVWLWXWLRQLQIOXHQFHVWKHFKDUJHWUDQVIHUUHVLVWDQFHDQGWKH/L
GLIIXVLRQFRHIILFLHQW7KHUHVXOWVDUHLQDJUHHPHQWZLWKWKHJDOYDQRVWDWLFF\FOLQJH[
SHULPHQWVDQG&9PHDVXUHPHQWV$GHFUHDVHGFKDUJHWUDQVIHUUHVLVWDQFHLVREVHUYD
EOH IRU9 VXEVWLWXWLRQ OHYHOV PRO7KH ORZHUHG FKDUJH WUDQVIHU LV SUREDEO\
FDXVHGE\92XQLWVLQWHUUXSWLQJWKHVWURQJO\LQVXODWLQJ6L2IUDPHZRUN7KH67(0
((/6 DQDO\VLV UHYHDOHG WKH VWURQJO\ LQKRPRJHQHRXV GLVWULEXWLRQ RI 9 ZKLFKPRVW
SUREDEO\PDNHV HYHU\ VDPSOHXQLTXH DQGKHQFH FRXOG H[SODLQ LQFRQVLVWHQFHV LQ WKH
5FWYDOXHV'LVFXVVHGVWUDLQVWDFNLQJIDXOWVDQGGHIHFWVLQWKHVWUXFWXUHVHHPWRDOVR
SRVLWLYHO\ LQIOXHQFH WKH GLIIXVLRQ FRHIILFLHQW IRU/L LRQVZKLFK IRU DOO9 VXEVWLWXWHG
VDPSOHV LV LQFUHDVHGE\RQHRUGHURIPDJQLWXGHDQG LV LQ WKH UDQJHRI(FPV
7KHH[DFWYDOXHVKDYHWREHWDNHQZLWKFDXWLRQGXHWRWKHDVVXPSWLRQVPDGH%XW
WKHUHSRUWHGUDQJHVHHPVUHDVRQDEOHDQGJDOYDQRVWDWLFF\FOLQJDWHOHYDWHGUDWHVDOVR
VWURQJO\VXJJHVWVLQFUHDVHG/LGLIIXVLRQIRU9VXEVWLWXWHGVDPSOHV
 


&RQFOXVLRQV
,QGHSWK LQYHVWLJDWLRQV FRQFHUQLQJ WKH IHDVLELOLW\ RI VXEVWLWXWLQJ9 IRU0Q RU 6L LQ
/L0Q6L2 ZHUH SHUIRUPHG $ VROJHOPHWKRG ZDV HPSOR\HG DQG VDPSOHV ZLWK WKH
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 9XOOXP%UXHU ) /LTXLG )HHG )ODPH 6SUD\
3\URO\VLV DV $OWHUQDWLYH 6\QWKHVLV IRU (OHFWURFKHPLFDOO\ $FWLYH 1DQRVL]HG
/L0Q6L23UHS
 %DUG  D - )DXONQHU / 5 (/(&752&+(0,&$/ 0(7+2'6
)XQGDPHQWDOVDQG$SSOLFDWLRQVQG(GLWLR-RKQ:LOH\DQG6RQV,1&
 0H\HUV-3'R\OH0'DUOLQJ501HZPDQ-7KH,PSHGDQFH5HVSRQVH
RI D 3RURXV (OHFWURGH &RPSRVHG RI ,QWHUFDODWLRQ 3DUWLFOHV - (OHFWURFKHP
6RF
 =KDQJ//'XDQ6<DQJ;/3HQJ*/LDQJ*+XDQJ<+-LDQJ
< 1L 6% /L 0 5HGXFHG *UDSKHQH 2[LGH 0RGLILHG /L)H6L2&
&RPSRVLWH ZLWK (QKDQFHG (OHFWURFKHPLFDO 3HUIRUPDQFH DV &DWKRGH0DWHULDO


IRU/LWKLXP,RQ%DWWHULHV$&6$SSO0DWHU,QWHUIDFHVي
 :DQJ;+DR+/LX-+XDQJ7<X$$1RYHO0HWKRGIRU3UHSDUDWLRQ
RI 0DFURSRVRXV /LWKLXP 1LFNHO 0DQJDQHVH 2[\JHQ DV &DWKRGH0DWHULDO IRU
/LWKLXP,RQ%DWWHULHV(OHFWURFKLP$FWDي
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
/LTXLG)HHG)ODPH6SUD\3\URO\VLVDV
$OWHUQDWLYH6\QWKHVLVIRU
(OHFWURFKHPLFDOO\$FWLYH1DQRVL]HG
/L0Q6L2
1LOV:DJQHUD$QQ0DUL6YHQVVRQDDQG)ULGH9XOOXP%UXHUD
D'HSDUWPHQWRI0DWHULDOV6FLHQFHDQG(QJLQHHULQJ1RUZHJLDQ8QLYHUVLW\RI6FLHQFH
DQG7HFKQRORJ\7URQGKHLP1RUZD\
$EVWUDFW
$QRYHOOLTXLGIHHGIODPHVSUD\S\URO\VLVV\QWKHVLVZLWKUHGXFLQJSRVWKHDWWUHDWPHQW
\LHOGLQJ KLJKO\ SKDVH SXUH QDQRVL]HG DQG FDUERQ FRDWHG /L0Q6L2 LV UHSRUWHG ,Q
FRQWUDVW WRPRVW/L0Q6L2 V\QWKHVLV URXWHV UHSRUWHG DHURVRO FRPEXVWLRQPHWKRGV
DUHH[FHOOHQWO\VFDODEOHDQGQRWDVWLPHFRQVXPLQJDVPRVWZHWFKHPLFDOV\QWKHVHV
)ODPH VSUD\ S\URO\VLV ZDV SHUIRUPHG XVLQJ VROXWLRQV ZLWK YDU\LQJ UDWLRV RI +2
(W2+DQGS;\OHQH7KH LPSRUWDQFHRI VROXWLRQ FRPEXVWLELOLW\ WR IRUP ORRVHO\ DJ
JORPHUDWHG QDQRSDUWLFOHV LV KLJKOLJKWHG 3DUWLFOHV IURP WKH S;\OHQH DLGHG IODPH
VSUD\S\URO\VLVVKRZHGDPHDQSDUWLFOHVL]HRIQPDQG3PQVWUXFWXUHDIWHUDQ
QHDOLQJDQGFDUERQFRDWLQJ7KHHOHFWURFKHPLFDOSHUIRUPDQFHDVFDWKRGHPDWHULDOZDV
DVVHVVHGE\JDOYDQRVWDWLFF\FOLQJDQGLQVLWX;5'LQKDOIFHOOV7KHKLJKHVWGLVFKDUJH
FDSDFLW\REVHUYHGZDVP$KJDWURRPWHPSHUDWXUHDQGDUDWHRI&
 


,QWURGXFWLRQ
$WSUHVHQWUHFKDUJHDEOH/LLRQEDWWHULHVRXWSHUIRUPDOORWKHUEDWWHU\FRQFHSWVZLWK
UHVSHFWWRYROXPHWULFDQGJUDYLPHWULFHQHUJ\GHQVLW\1RQHWKHOHVVH[WHQVLYHUHVHDUFK
LV RQJRLQJ WR RSWLPLVH WKH FHOOV(VSHFLDOO\ WKHSRVLWLYH HOHFWURGHPDWHULDOV VKRZD
JUHDWPLVPDWFKLQVSHFLILFFDSDFLW\FRPSDUHGWRJUDSKLWHZKLFK LVXVHGDVQHJDWLYH
HOHFWURGH LQ FRPPHUFLDOO\ DYDLODEOH /LLRQ EDWWHULHV 0RUHRYHU WKHPRVW FRPPRQ
FDWKRGHPDWHULDOLQ/LLRQEDWWHULHV/L&R2DFFRXQWVIRUDERXWRIWKHPDWHULDOV
FRVWRIWKHEDWWHU\/DWHO\SRO\DQLRQPDWHULDOVOLNHSKRVSKDWHVDQGVLOLFDWHVEDVHG
RQWKHDEXQGDQWHOHPHQWV)HDQG0QDVUHGR[DFWLYHLRQVJDLQHGDWWHQWLRQDQGUHS
UHVHQWZLWK/L0Q6L2/06DPDWHULDOZKLFK LQ WKHRU\ FDQGHOLYHU/L LRQVSHU
IRUPXOD XQLW DQG WKXV LQ WKHRU\ RIIHU FDSDFLWLHV H[FHHGLQJ P$KJ ي ,Q IDFW
DFFRUGLQJWRDUHFHQWVWXG\E\$QGUHHWDOIURPWKH%0:JURXS/06ZRXOGWKHR
UHWLFDOO\PHHWWKHUHTXLUHGHQHUJ\GHQVLW\DQGFDSDFLW\YDOXHVIRUWKHQH[WJHQHUDWLRQ
/LLRQEDWWHU\FDWKRGHVLQDOOHOHFWULFYHKLFOHV'RPLQNRHWDOILUVWUHSRUWHG/06DV
SRWHQWLDOFDWKRGHIRU/LLRQEDWWHULHVLQDQGLQGH[HGLWWRWKHWHWUDKHGUDOVWUXF
WXUHVZLWKWKHRUWKRUKRPELFVSDFHJURXS3PQ$IWHUZDUGVDQRWKHURUWKRUKRPELF
DQG WZRPRQRFOLQLF SRO\PRUSKV QDPHO\3PQE3Q DQG3Q DOO DGRSWLQJ /L32
VWUXFWXUHVZHUH UHSRUWHG ي -XVW OLNH WKH)H DQDORJXH/L)H6L2/06 LV D SRRU
HOHFWURQLFDQGLRQLFFRQGXFWRUDQGWKXVUHTXLUHVQDQRVFDOHSDUWLFOHVDQGDFRQGXFWLYH
FRDWLQJWRRYHUFRPHWKHVHVKRUWFRPLQJV+RZHYHULWLVEHOLHYHGWKDWFKDQJHVLQ
WKH0Q FRRUGLQDWLRQ GXULQJ R[LGDWLRQ FDXVH DPRUSKLVDWLRQ RI WKH VWUXFWXUH ZKLFK
OHDGV WR LUUHYHUVLEOH FDSDFLW\ IDGLQJ ي$E LQLWLR FDOFXODWLRQV E\6DUDFLEDU HW DO
SUHGLFWWKDW1LVXEVWLWXWLRQFRXOGEHEHQHILFLDOWRVWDELOLVHWKHFU\VWDOVWUXFWXUHXSRQ
GHOLWKLDWLRQR[LGDWLRQ7KHYDVWPDMRULW\RIUHSRUWHGV\QWKHVHVRI/06DUHZHW
FKHPLFDOPHWKRGV6ROYRWKHUPDO V\QWKHVHVGHOLYHU WKHKLJKHVW UHSRUWHGFDSDFLWLHVRI
RYHUP$KJLQWKHILUVWGLVFKDUJHي2WKHUDXWKRUVUHSRUWVXFFHVVE\VROJHO
UHODWHGPHWKRGVSRO\ROPHWKRGVRUPROWHQFDUERQDWHV\QWKHVHVي+RZHYHUWKHVH
ZHWFKHPLFDO URXWHV FDQ EH YHU\ WLPH FRQVXPLQJ 6ROJHO V\QWKHVHV ZLWK D SURFHVV
WLPHRIXSWRGD\VDUHUHSRUWHG$QRWKHUPDMRUGUDZEDFNRIZHWFKHPLFDOV\Q
WKHVHVLVWKHOLPLWHGVFDODELOLW\,IDQHZFDWKRGHPDWHULDOVKDOOHYHUEHFRPPHUFLDO
LVHGVFDODELOLW\DQGWLPHHIILFLHQF\DUHYHU\LPSRUWDQWIDFWRUV)ODPHDVVLVWHGDHURVRO
SURFHVVHVOLNHIODPHK\GURO\VLVDQGIODPHVSUD\S\URO\VLVFRPELQHVFDODELOLW\DQGWLPH
HIILFLHQF\ZKLOHDOORZLQJJRRGFRQWURORISDUWLFOHVL]HV LQWKHQDQRUHJLPH1DQRVL]HG
IXPHG VLOLFD WLWDQLD DQG FDUERQ EODFNV DUH LQ IDFW FRPPHUFLDOO\ SURGXFHG LQ ODUJH
TXDQWLWLHV E\ DHURVRO IODPH SURFHVVHV +HUHZH UHSRUW SURGXFWLRQ RI /06 E\ DQ
DOWHUQDWLYHQRYHOV\QWKHVLVURXWHQDPHO\OLTXLGIHHGIODPHVSUD\S\URO\VLVODWHUFDOOHG
)63 FRPELQHGZLWKD UHGXFLQJKHDW WUHDWPHQWDQG FDUERQ FRDWLQJDV DQ H[FHOOHQW
VFDODEOH DQG WLPH HIILFLHQW URXWH WR REWDLQ QDQRVL]HG/06:H HVSHFLDOO\ KLJKOLJKW
WKHLPSRUWDQFHRIVROXWLRQFRPEXVWLELOLW\WRZDUGVWKHPRUSKRORJ\DQGWKXVWKHHOHF


WURFKHPLFDOSHUIRUPDQFHRIWKHILQDOSURGXFW,QDGGLWLRQ LQIOXHQFHVRQ;5'SKDVH
SXULW\GHSHQGHQWRQ0QVWRLFKLRPHWU\DUHGLVFXVVHGDQGWKHVWUXFWXUDOGHJUDGDWLRQ
LVLQYHVWLJDWHGE\LQVLWX;5'GXULQJJDOYDQRVWDWLFF\FOLQJ
([SHULPHQWDO
6DPSOHSUHSDUDWLRQ
7ZRGLIIHUHQWNLQGV RISUHFXUVRU VROXWLRQV IRU)63ZHUH LQYHVWLJDWHG7KH ILUVW DS
SURDFKZDVDVROXWLRQEDVHGRQDZDWHUWRHWKDQROUDWLRRIE\YROXPHPROH
GULHG/L12$OID$HVDUDQGPROH0Q12 ·+20HUFN(QVXUH IRU
DQDO\VLV!ZHUHGLVVROYHGLQP/GHLRQLVHG+2DQGDGGHGWRDVROXWLRQRI
PROHWHWUDHWK\ORUWKRVLOLFDWH7(269:5LQP/(W2+XQGHUYLJRU
RXVVWLUULQJ,QWKHVHFRQGDSSURDFKWKHVROXWLRQZDVEDVHGRQDS[\OHQHWRHWKDQRO
UDWLRRIE\YROXPH7KHVDPH/L0QDQG6LSUHFXUVRUVZHUHGLVVROYHGLQP/
(W2+DW  r&XQGHUYLJRURXV VWLUULQJDQGSULRU WRS\URO\VLV P/S;\OHQHZDV
DGGHGDVIXHOHQKDQFHU)ROORZLQJWKLVURXWHDOVRVDPSOHVZLWKDQGPROH0Q
VXEVWRLFKLRPHWU\ZHUHSURGXFHG)63ZDVSHUIRUPHGRQD1367HWKLV6S$7KH
VROXWLRQVZHUHVSUD\HG LQWRD&+2IORZUDWH/PLQ IODPHDWDFRQVWDQW
OLTXLGDQGGLVSHUVLRQJDV2IORZUDWHRIP/PLQ7KHSUHVVXUHGURSGLVSHUVLRQ
JDVDWWKHQR]]OHWLSZDVVHWWR׽EDUDQGWKHSRZGHUVZHUHFROOHFWHGRQDJODVV
PLFURILEHUILOWHU:KDWPDQ*)$IWHU)63WKHDVS\URO\VHGSUHFXUVRUVZHUHPL[HG
ZLWKZWFRUQVWDUFK&DUO5RWK*PE+	&R.*IRUODERUDWRU\XVHDQGZHW
EDOOPLOOHGIRUKXVLQJ<6=JULQGLQJEDOOVPPDQG(W2+DVDGLVSHUVDQWLQ
DP/SRO\HWK\OHQHERWWOH$VDILQDOVWHSWKHSUHFXUVRUPL[WXUHVZHUHKHDWWUHDW
HGLQDUHGXFLQJDWPRVSKHUH+LQ$UIORZUDWH/KDWWKUHHGLIIHUHQWWHP
SHUDWXUHV   DQG r& DQG GLIIHUHQW GZHOO WLPHV7KH KHDWLQJ DQG FRROLQJ
UDWHZDVLQDOOFDVHVr&K7KHILQDOKHDWWUHDWPHQWSDUDPHWHUVZHUHr&IRU
KLQDOOFDVHV)RUFODULW\UHDVRQVDVDPSOHLQGH[FRPSULVLQJWKHGLIIHUHQFHVRIWKH
V\QWKHVLVHGVDPSOHVLVJLYHQLQ7DEOH
7DEOH6DPSOHLQGH[RIWKHGLIIHUHQWVDPSOHVV\QWKHVLVHGLQWKLVVWXG\
6DPSOHLQGH[ 1RPLQDOFRPSRVLWLRQ )ODPHS\URO\VLVVROXWLRQ
/06#(W2+ /L0Q6L2 P/(W2+P/+2
/06#;\OHQH /L0Q6L2 P/(W2+P/S;\OHQH
/06#;\OHQH /L0Q6L2 P/(W2+P/S;\OHQH
/06#;\OHQH /L0Q6L2 P/(W2+P/S;\OHQH



)RUFDWKRGHSUHSDUDWLRQDVOXUU\FRQWDLQLQJZWDFWLYHPDWHULDOZWFRQ
GXFWLYH FDUERQ 6XSHU 3 7LPFDO DQG  ZW  3RO\YLQ\OLGHQH IOXRULGH 39')
.\QDUUHDJHQWJUDGHDVELQGHUGLVSHUVHGLQ10HWK\OS\UUROLGRQH1036LJPD
$OGULFK! ZDV SUHSDUHG DQG WDSH FDVWHG RQ$O IRLO DV FXUUHQW FROOHFWRU DQG
GULHGIRUKDWr&LQDYDFXXPRYHQ7KHVROLGORDGZDVDERXWPJFP
&KDUDFWHULVDWLRQ
3KDVHIRUPDWLRQDQGVWUXFWXUDODQDO\VLVRIWKHVDPSOHVZDVSHUIRUPHGE\;UD\SRZ
GHU GLIIUDFWLRQ ;5' SDWWHUQV ZHUH UHFRUGHG RQ D %UXNHU '  $GYDQFH 'D9LQFL
HTXLSSHGZLWKDOLQHDU36'GHWHFWRUZRUNLQJLQ%UDJJي%UHQWDQR̅̅JHRPHWU\
$OOSRZGHUSDWWHUQVZHUHUHFRUGHGXVLQJ&X.̝UDGLDWLRQ3DWWHUQV IRU
SKDVHIRUPDWLRQDQDO\VLVZHUHUHFRUGHGIURPWRr̅ZLWKDVWHSVL]HRIr
DQG DQ LQWHJUDWLRQ WLPH RI  V )RU VWUXFWXUDO DQDO\VLV SDWWHUQV ZHUH UHFRUGHG
IURPWRr̅ZLWKDVWHSVL]HRIrDQGDQLQWHJUDWLRQWLPHRIV6WUXF
WXUDOUHILQHPHQWVZHUHSHUIRUPHGZLWK7RSDV%UXNHU$;69HUVLRQ$3HDUVRQ
DSSUR[LPDWLRQ39,,ZDVDSSOLHGWRUHILQHWKHSHDNVKDSHV$OODWRPLFSRVLWLRQVQRW
IL[HGE\3PQ JHRPHWU\ZHUHDOORZHG WR FRQYHUJH VWDUWLQJZLWK WKHKHDYLHVW HOH
PHQW5HILQHPHQWVZHUHDOVRXVHGWRTXDQWLI\WKHSKDVHIUDFWLRQRISRZGHUGLIIUDFWLRQ
SDWWHUQV'HWDLOVDERXWLQVLWX;5'PHDVXUHPHQWVDUHJLYHQLQWKHQH[WSDUDJUDSK
7KH VXUIDFH DUHD DQGSRUH GLVWULEXWLRQ RI WKHPDWHULDOVZDVPHDVXUHGE\1LWURJHQ
DGVRUSWLRQRQD0LFURPHWULFV7ULVWDUDFFRUGLQJWR%(7%-+DQG7SORWWKHR
U\$OOVDPSOHVZHUHYDFXXPGULHGDWr&IRUKSULRUWRDQDO\VLV7KHUPRJUDYL
PHWULFDQDO\VLV7*$ZDVSHUIRUPHGWRPHDVXUHWKHFDUERQFRQWHQWRIWKHVDPSOHV
XVLQJ D1HW]VFK 67$&-XSLWHU WKHUPR DQDO\VHU7KHPDWHULDOVZHUHKHDWHG WR
r&LQV\QWKHWLFDLUP/PLQDWDKHDWLQJUDWHRIr&PLQ7KHPRUSKROR
J\ RI WKH VDPSOHVZDV IXUWKHU VWXGLHG E\ HOHFWURQPLFURVFRS\ ' LQIRUPDWLRQZDV
JDWKHUHG RQ D =HLVV 6XSUD 93 ILHOG HPLVVLRQ HOHFWURQPLFURVFRSH )XUWKHUPRUH
KLJKPDJQLILFDWLRQPLFURJUDSKVZHUHUHFRUGHGXVLQJDGRXEOH&VFRUUHFWHGFROGILHOG
HPLVVLRQ JXQ -(2/ -(0$50) VFDQQLQJ WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH
67(06DPSOHV IRUPLFURVFRS\LQYHVWLJDWLRQVZHUHGLVSHUVHG LQ(W2+DQGVRQL
FDWHGIRUPLQ$VPDOOGURSOHWRIWKHSRZGHUDOFRKROVXVSHQVLRQZDVSODFHGRQD
)(6(0VDPSOHKROGHURUDQDPRUSKRXVFDUERQFRDWHG&X7(0JULGUHVSHFWLYHO\
(OHFWURFKHPLFDOFKDUDFWHULVDWLRQ
7KHHOHFWURFKHPLFDOSURSHUWLHVRIWKHSUHSDUHG/06FDWKRGHPDWHULDOVZHUHDVVHVVHG
E\JDOYDQRVWDWLFFKDUJHGLVFKDUJHPHDVXUHPHQWVRQD0DFFRU$OOPHDVXUHPHQWV
ZHUHSHUIRUPHGDWURRPWHPSHUDWXUH7KHDSSOLHGSRWHQWLDOZLQGRZDQG&UDWHDUH


JLYHQLQWKHFRUUHVSRQGLQJVHFWLRQV)RUFRPSDUDELOLW\UHDVRQVRIWKH&UDWHRQO\WKH
RQHHOHFWURQUHDFWLRQRI0Q0QZDVFRQVLGHUHGDQGIRUVLPSOLFLW\&ZDVGHILQHG
DVDFXUUHQWGHQVLW\RIP$KJ&5FRLQFHOOVZHUHDVVHPEOHGLQDJORYHER[
GU\$UDWPRVSKHUHXVLQJDPPFLUFXODU/06FDWKRGHDFLUFXODU/LGLVFDVDQRGH
DQGD&HOJDUGILOPDVHOHFWURGHVHSDUDWRU&RPPHUFLDO0/L3)GLVVROYHGLQD
YROXPHUDWLRRI(WK\OHQHFDUERQDWH'LHWK\OFDUERQDWHVROXWLRQ$OGULFK%DWWHU\
JUDGHZDVXVHGDVHOHFWURO\WH$GGLWLRQDOO\WKHVWUXFWXUDOFKDQJHVRI/06ZHUHLQ
YHVWLJDWHGE\ LQVLWX;5'H[SHULPHQWVGXULQJWKH ILUVW WZRJDOYDQRVWDWLFF\FOHV$
FRQYHQWLRQDOSRXFKFHOOZDVDVVHPEOHGIRULQVLWXH[SHULPHQWV7KHHOHFWURGHVVHSD
UDWRUDQGHOHFWURO\WHZHUHWKHVDPHDVSUHYLRXVO\GHVFULEHG$QLPDJHRIWKHH[SHUL
PHQWDOVHWXSDQGDGHVFULSWLRQRIWKHLQVLWXSRXFKFHOOVDUHVKRZQLQWKHVXSSOHPHQ
WDU\ LQIRUPDWLRQ7KHFHOOZDVJDOYDQRVWDWLFDOO\ F\FOHGRQD3ULQFHWRQ$SSOLHG5H
VHDUFK3DUVWDWDW&UDWHVWDUWLQJIURP2&37KHSRWHQWLDOZLQGRZZDVي
9DQGWKHFHOOZDVF\FOHGWZLFH7KHLQVLWX;5'SDWWHUQVZHUHUHFRUGHGFRQWLQ
XRXVO\RQD%UXNHU'$GYDQFH'D9LQFLZLWKD/\Q[(\H;HGHWHFWRUZRUNLQJLQ
%UDJJي%UHQWDQR ̅̅ JHRPHWU\ XVLQJ 0R .̝ UDGLDWLRQ LQ WUDQVPLVVLRQ PRGH
6FDQVZHUHUHFRUGHGIURPWRr̅VWHSVL]HRIrLQWHJUDWLRQWLPHV
7KHLQVLWXPHDVXUHPHQWLVSUHVHQWHGDVDOHYHOSORW'XHWRWKHDGGLWLRQDOOD\HUVRI
$O3(DQG/LWKDWWKHEHDPKDGWRSHQHWUDWHLQWUDQVLWLRQPRGHWKHREVHUYDEOH̅
UHJLRQZLWKRXWLQWHUIHUHQFHIURPWKHFHOOFRPSRQHQWVZDVOLPLWHGWRWKHDERYHPHQ
WLRQHG ̅ YDOXHV )XUWKHUPRUH SUH DQG SRVW H[ VLWX DQDO\VLV VFDQV RI WKH FDWKRGH
ZHUHUHFRUGHGIURPWRr̅VWHSVL]HRIrLQWHJUDWLRQWLPHVXVLQJ&X
.̝UDGLDWLRQ
5HVXOWVDQGGLVFXVVLRQ
6WUXFWXUDOHYROXWLRQ
$OODVS\URO\VHGSRZGHUVFRQVLVWHGRIDPL[WXUHRIFU\VWDOOLQH/L&2DQG/L0QR[
LGHV6LFRQWDLQLQJR[LGHVFRXOGQRWEHGHWHFWHGE\;5'DQGZHUHSUREDEO\SUHVHQW
LQDQDPRUSKRXVVWDWH/DFNRI/06SKDVHIRUPDWLRQGXULQJS\URO\VLVZDVH[SHFWHG
GXHWR WKHH[WUHPHO\ VKRUW UHVLGHQFH WLPHRI WKHSDUWLFOHV LQ WKH WHPSHUDWXUH]RQH
)XUWKHUWKHR[LGLVLQJFRQGLWLRQVRIWKH&+2IODPHFDXVH0QR[LGDWLRQDQGWKXV
KLQGHUSKDVHIRUPDWLRQ$Q;5'SDWWHUQRIWKHDVS\URO\VHGSRZGHULVJLYHQLQWKH
VXSSOHPHQWDU\LQIRUPDWLRQ7KHDVS\URO\VHGVDPSOHVZHUHWKHQPL[HGZLWKZW
FRUQVWDUFK DV FDUERQ VRXUFH $PRQJVW RWKHU VWXGLHV ZH SUHYLRXVO\ GHPRQVWUDWHG
WKDWXQFRDWHG/06KDVDYHU\ORZHOHFWURFKHPLFDODFWLYLW\DQGWKXVDQ\FKDUDFWHUL
VDWLRQ RI XQFRDWHG /06 VDPSOHV ZDV RPLWWHG LQ WKLV VWXG\  7KH SRZGHU FRUQ
VWDUFKPL[WXUHZDVWKHQKHDWWUHDWHGDWDQGr&ZLWKDGZHOOWLPHRI


KLQIORZLQJ+$U)LJXUHVKRZVWKHFRUUHVSRQGLQJ;5'SDWWHUQVRI/06
#(W2+DQG/06#;\OHQH
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
)LJXUH3RZGHU;5'SDWWHUQRID/06#(W2+KHDWWUHDWHGDWDQG
r&DQGE/06#;\OHQHKHDWWUHDWHGDWDQGr&LQFOXGLQJ
GHQRWDWLRQRIVHFRQGDU\SKDVHVDQG/063PQ%UDJJUHIOHFWLRQV
7KHRQVHWRISKDVHIRUPDWLRQZDVLQERWKFDVHVGHWHFWHGIRUVDPSOHVKHDWWUHDWHGDW
r&DQGWKHPDLQSKDVHZDVLQERWKFDVHVGRPLQDQWDWr&,QWKHFDVHRI/06
#(W2+WUDFHVRI0Q2DQG/L6L2ZHUHGHWHFWDEOHZKLOHIRU/06#;\OHQHRQO\
WUDFHV RI0Q2ZHUHGHWHFWHG%XW LQERWK FDVHV WKHPDLQSDWWHUQ FRXOGEH FOHDUO\
DWWULEXWHGWRRUWKRUKRPELF3PQ/065HSRUWHGKLJKHUKHDWWUHDWPHQWWHPSHUD
WXUHVr&RIWHQUHVXOWLQDPL[WXUHRI3PQDQG3PQE/067KLVLVFOHDUO\
UHFRJQLVDEOH E\ WKH DSSHDUDQFH RI D SHDN DW DERXW  r XQGHU &X.̝ UDGLDWLRQ
ZKLFK LV VRPHWLPHV GLVUHJDUGHG RU PLVLQWHUSUHWHG DV D VHFRQGDU\ SKDVH  7R
SUHYHQW WKLV SRO\PRUSK PL[WXUH ZH OLPLWHG WKH KHDW WUHDWPHQW WHPSHUDWXUH WR
r&,QDGGLWLRQWKHLQIOXHQFHRIWKHGZHOOWLPHZDVLQYHVWLJDWHGIRUWKH/06#
;\OHQH VDPSOH6KRUWHUGZHOO WLPHV UHVXOWHG LQ LQFRPSOHWHSKDVH IRUPDWLRQ VDWXUD
WLRQZDVREVHUYHGDWDERXWKWKXVDOOIXUWKHUVDPSOHVZHUHSUHSDUHGXVLQJWKHVH
KHDWWUHDWPHQWSDUDPHWHUV7KHFRUUHVSRQGLQJILJXUHLVVKRZQLQWKHVXSSOHPHQWDU\
LQIRUPDWLRQ0RUSKRORJLFDOLQYHVWLJDWLRQVSUHVHQWHGLQWKHQH[WFKDSWHUVKRZ/06#
;\OHQHWREHPRUHSURPLVLQJ WKXV IXUWKHU LPSURYHPHQWVDQGFKDUDFWHULVDWLRQZHUH
FDUULHGRXW$VVKRZQLQ)LJXUHEWKHUHDUHVWLOOWUDFHVRI0Q2SUHVHQWQH[WWRWKH
PDLQSKDVH$FFRUGLQJWRSUHOLPLQDU\UHILQHPHQWVDERXWZWRIWKHSKDVHIUDF
WLRQFDQEHDWWULEXWHGWR0Q27KLVFRXOGLPSO\WKDWWKHV\QWKHVLVHG/06#;\OHQH
LVSUHVHQW LQD0QGHILFLHQW IRUP ,WZDVKHQFHDWWHPSWHG WRSURGXFHQRPLQDO VXE
VWRLFKLRPHWULF/06#;\OHQHQDPHO\/06#;\OHQHDQG/06#;\OHQHE\


VXEVHTXHQWO\UHGXFLQJWKH0Q12ٗ+2SUHFXUVRUE\DQGPROH)LJXUH
DVKRZVWKH UHVXOWLQJHYROXWLRQRI WKH0Q2VHFRQGDU\SKDVH)LJXUHE VKRZVD
IXOO SDWWHUQ UHILQHPHQWRI/06#;\OHQHZKLFKJDYH WKHKLJKHVWSKDVHSXULW\
7KHUHILQHPHQWPRGHOPDWFKHVWKHREVHUYHGSDWWHUQIDLUO\ZHOO7KHLQFUHDVHGEDFN
JURXQGDWORZ̅DQJOHVLVFDXVHGE\WKHIL[HGVOLWVHWXS&U\VWDOOLQHSKDVHIUDFWLRQV
DQGWKHFDOFXODWHGFU\VWDOOLWHVL]HRIDOOVDPSOHVDUHVXPPDULVHGLQ7DEOH
7DEOH3KDVHIUDFWLRQVRI/06#;\OHQH/06#;\OHQHDQG/06#
;\OHQHDFFRUGLQJWR5LHWYHOGUHILQHPHQWV
6DPSOH,QGH[ /L0Q6L2
>ZW@
0Q2
>ZW@
/L6L2
>ZW@
&U\VWDOOLWH
VL]HIURP
;5'>QP@
/06#;\OHQH    
/06#;\
OHQH
   
/06#;\
OHQH
   

7KH ODWWLFHSDUDPHWHUVRI WKH UHILQHGRUWKRUKRPELF3PQ VWUXFWXUHRI/06#
;\OHQHDUHD E DQGF 7KHODWWLFHSDUDPHWHUVRIWKH
RWKHUFRPSRVLWLRQVV\QWKHVLVHGE\;\OHQHDVVLVWHG)63DUHYHU\VLPLODUDQGWKH\DOO
DJUHHZLWKGDWDIURPOLWHUDWXUH)LJXUHDDQG7DEOHVKRZWKDWWKH0Q2VHF
RQGDU\ SKDVH LV UHGXFHG EXW GRHV QRW GLVDSSHDU HYHQ DW  PROH  0Q VXE
VWRLFKLRPHWU\)RU WKH VWRLFKLRPHWULF DQG PROH0Q VXEVWRLFKLRPHWULF VDPSOHV
0Q2ZDV WKH RQO\ GHWHFWDEOH VHFRQGDU\ SKDVH EXWZKHQ WKH0Q FRQFHQWUDWLRQ LV
IXUWKHUUHGXFHG/L6L2HPHUJHVDQGQRIXUWKHUUHGXFWLRQRIWKH0Q2SKDVHLVRE
VHUYHG 7KLV FRXOG EH FDXVHG E\ RQO\ D VPDOO GLIIHUHQFH LQ HQHUJ\ RI IRUPDWLRQ RI
0Q2DQG/06DQGWKHWROHUDQFHRI/06IRU0QGHILFLHQF\UHVXOWLQJLQDORZGULYLQJ
IRUFH IRU SKDVH FRPELQDWLRQ DW WKH JLYHQ WHPSHUDWXUH ,Q IDFW WKH DSSHDUDQFH RI
0Q2DVWKHRQO\YLVLEOHVHFRQGDU\SKDVHHYHQIRUVDPSOHVZLWKDUHGXFHG0QFRQWHQW
LQGLFDWHVWKDW/06VDPSOHVV\QWKHVLVHGLQWKLVVWXG\DUH0QGHILFLHQW7KLVFRXOGEH
FKDUJHFRPSHQVDWHGHLWKHUE\YDFDQFLHVLQWKHR[\JHQVXEODWWLFHRUE\DSDUWLDOR[L
GDWLRQRI0QWR0QWRPDLQWDLQHOHFWURQHXWUDOLW\



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99 wt. % Li2MnSiO4 
1 wt. % MnO      
Rwp: 8.79b)

)LJXUHD;5'SDWWHUQVRI/06#;\OHQH/06#;\OHQHDQG/06
#;\OHQHVKRZLQJWKHSKDVHHYROXWLRQRIWKH0Q2VHFRQGDU\SKDVHE)XOO
SDWWHUQUHILQHPHQWRI/06#;\OHQH
,W LVQRWHZRUWK\WKDWDOO UHILQHPHQWVXQGHUHVWLPDWHWKH0QDRFFXSDQF\WRYDOXHV
DERXWZLWKRXWVKRZLQJKLJKYDOXHVRI/L0QVLWHUHYHUVDO0QRQD/LVLWH
ZRXOGFDXVHFKDQJHVLQWKHGLIIUDFWLRQSDWWHUQGXHWRWKHPXFKKLJKHUHOHFWURQGHQVL
W\2QWKHRWKHUKDQGLWFRXOGKDUGO\EHGLVWLQJXLVKHGLID0QVLWHLVDFWXDOO\YDFDQW
RU RFFXSLHG E\/L GXH WR WKH YHU\ ORZ HOHFWURQGHQVLW\ RI/L'RPLQNR HW DO H[


SODLQHGWKLVSKHQRPHQDE\GLVRUGHU$SDUWRIWKH0QDWRPVFRXOGRFFXS\VWDWHVLQ
WKHLQWHUVWLWLDORFWDKHGUDOYRLGV7KLVZRXOGH[SODLQWKHUHPDLQLQJPLVPDWFKEHWZHHQ
WKHREVHUYHGDQGWKHFDOFXODWHG;5'SDWWHUQVDQGWKHXQGHUHVWLPDWHG0QRFFXSDQ
F\)XUWKHUGHWDLOVRIDOOUHILQHPHQWVDUHVKRZQLQWKHVXSSOHPHQWDU\LQIRUPDWLRQ
,QIOXHQFHRISUHFXUVRUVROXWLRQFRPEXVWLELOLW\DQGILQDOKHDWWUHDWPHQWRQWKHSRZGHU
PRUSKRORJ\
7KHSUHFXUVRU VROXWLRQRU LQRWKHUZRUGV WKH IXHO IRU WKH)63SURFHVVKDGDPDMRU
LPSDFWRQWKHPRUSKRORJ\RIWKH ILQDOSRZGHUV6LQFH/06VKRZVUDWKHUSRRUHOHF
WURQLFDQGLRQLFFRQGXFWLYLWLHVWKHSDUWLFOHVL]HLVYHU\LPSRUWDQWIRUWKHHOHFWURFKHP
LFDOSURSHUWLHV)XUWKHUPRUHSRURVLW\ LQ WKHPHVRDQGPDFUR UDQJH LVEHQHILFLDO WR
PD[LPLVHWKHFRQWDFWDUHDRIWKHFDWKRGHPDWHULDODQGWKHHOHFWURO\WHDQGWKXVHQ
KDQFHWKHHOHFWURFKHPLFDONLQHWLFV7DEOHVKRZVWKHVXUIDFHDUHDYDOXHVGLYLGHGLQWR
PLFURSRUHDUHDDQGH[WHUQDOVXUIDFHDUHDDQGWKHUHVLGXDOFDUERQFRQWHQWRIWKHVDP
SOHPHDVXUHGE\7*$:HGHILQHWKHH[WHUQDODUHDE\WKHSDUWRIWKHWRWDO%(7VXU
IDFHDUHDWKDWLVQRWDWWULEXWHGWRPLFURSRURVLW\ZKLFKLVE\GHILQLWLRQVPDOOHUWKDQ
QP LQGLDPHWHU:HKDYHSUHYLRXVO\ VKRZQWKDW WRDJUHDW H[WHQW WKHPLFURSRUH
DUHDFDQEHDWWULEXWHGWRSRURVLW\LQWKHDPRUSKRXVFDUERQFRDWLQJ
7DEOH6XUIDFHDUHDDQGFDUERQFRQWHQWRIV\QWKHVLVHG/06VDPSOHV
6DPSOHLQGH[ %(7VXUIDFH
DUHD>PJ@
([WHUQDOVXUIDFH
DUHD>PJ@
0LFURSRUH
DUHD>PJ@
&DUERQFRQWHQW
>ZW@
/06#(W2+    
/06#;\OHQH    
/06#;\
OHQH
   
/06#;\
OHQH
   

$OO/06VDPSOHVVKRZHGDYHU\VLPLODUFDUERQFRQWHQWRIDERXWZW)XUWKHUDOO
;\OHQH DVVLVWHG )63 VDPSOHV VKRZHG  HOHYDWHG H[WHUQDO VXUIDFH DUHDV FRP
SDUHGWRWKH/06#(W2+VDPSOH6(0DQDO\VLVUHYHDOHGPDMRUPRUSKRORJLFDOGLI
IHUHQFHVEHWZHHQVDPSOHVSURGXFHGZLWKDQGZLWKRXW;\OHQHDGGLWLRQ)LJXUHVKRZV
6(0PLFURJUDSKVRI/06#(W2+DQG/06#;\OHQHZKHUHDDQGFVKRZWKH
FRUUHVSRQGLQJSRZGHUVDVUHFHLYHGIURP)63DQGEDQGGWKHILQDOSRZGHUVRI/06
#(W2+DQG/06#;\OHQHUHVSHFWLYHO\7KHUHVXOWLQJPRUSKRORJ\RI)63UHPDLQV
DOPRVWFRPSOHWHO\SUHVHUYHGDIWHUWKHSRZGHUVZHUHKHDWWUHDWHGDQGFDUERQFRDWHG


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2nd cycle

)LJXUH)LUVWDQGVHFRQGJDOYDQRVWDWLFF\FOHRI/06#(W2+/06#;\OHQH
/06#;\OHQHDQG/06#;\OHQH
$OOVDPSOHVVXIIHUHGIURPDQLUUHYHUVLEOHFDSDFLW\ORVV,&/RIDERXWLQWKHILUVW
F\FOH7KLVORVVFDQSDUWO\EHDWWULEXWHGWRSDUDVLWLFR[LGDWLRQUHDFWLRQVRIWKHHOHF
WURO\WHDQGLQWHUSKDVHIRUPDWLRQEXWDOVRWKHVWUXFWXUDOGHJUDGDWLRQPXVWEHFRQVLG
HUHG7KH VWUXFWXUHPD\DOUHDG\ FRPSOHWHO\ FROODSVHGXULQJ WKH ILUVW R[LGDWLRQ DQG
GRHVQRWDOORZIXOOUHOLWKLDWLRQXSRQUHGXFWLRQ'HVSLWHWKH,&/ZKLFKLVSUHVHQWLQDOO
FDVHVDWUHPHQGRXVLQFUHDVHLQGLVFKDUJHFDSDFLW\RIRYHUIURPWRDERXW
P$KJLVYLVLEOHZKHQFRPSDULQJ/06#(W2+ZLWKWKH;\OHQHDVVLVWHGVDPSOHV
,Q WKH0Q VXEVWRLFKLRPHWU\ VHULHV DOPRVW QR GLIIHUHQFH LQ GLVFKDUJH FDSDFLW\ ZDV
GHWHFWDEOHZKLFKLVPRVWSUREDEO\GXHWRFRPSDUDEOHSKDVHSXULW\DQGWKHIDFWWKDW
DOOV\QWKHVLVHGVDPSOHVVKRZHGD0QVWRLFKLRPHWU\DFFRUGLQJWR;5'GDWD7KH
VHFRQG FKDUJH SURILOH ORRNV FRPSOHWHO\ GLIIHUHQW IURP WKH ILUVW RQHZKLFK LQGLFDWHV
VWUXFWXUDO FKDQJHV 7KLV EHKDYLRXU LV ZHOO NQRZQ DQG XQGHUVWRRG IRU /L)H6L2
ZKHUH WKHGHOLWKLDWLRQ LV VKLIWHGWR ORZHUSRWHQWLDOVFDXVHGE\ VWUXFWXUDO UHDUUDQJH
PHQWVي,QFRQWUDVWWRWKLVQRWRQO\WKHRQVHWRIR[LGDWLRQLVORZHUHGWRSRWHQ
WLDOVDWDERXW9EXWDOVRWKHVORSHRIWKHFKDUJHFXUYHLVPXFKVWHHSHUZLWKRXWDQ\
SODWHDX OLNH UHJLRQVZKLFK FRXOG EH H[SODLQHG E\ WKH ORVV RI FU\VWDOOLQLW\ DQG WKXV
RUGHU7KHGLVFKDUJHSURILOH LQWKHVHFRQGF\FOHUHPDLQVWKHVDPHEXWD ORVV LQGLV
FKDUJHFDSDFLW\RIDERXWP$KJLVSUHVHQW7KHFDSDFLW\IDGLQJPDNHVLWFKDO
OHQJLQJWRLQYHVWLJDWHWKHUDWHFDSDELOLW\VLQFHWKHGLVFKDUJHFDSDFLW\LVLQIOXHQFHGE\
ERWKWKHQXPEHURIF\FOHVWKHEDWWHU\ZDVWHVWHGDQGWKHFKDUJHUDWH
 


)LJXUHDVKRZVWKHILUVWGLVFKDUJHFDSDFLW\RI/06#;\OHQHDWIRXUGLIIHUHQW
UDWHVUDQJLQJIURP&WR&7KHFRXORPELFHIILFLHQF\LVLQDOOFDVHVDERXW
7KHLQVHWVKRZVWKHILUVWF\FOHVRIWKHVDPHPDWHULDOVDW&UDWHVIURP&WR&
)XUWKHUPRUH WKH FDSDFLW\ IDGHZLWK UHVSHFW WR WKH SRWHQWLDOZLQGRZDQG WKXV WKH
DPRXQWRI/LH[WUDFWHGLQVHUWHGIRUF\FOHVLVVKRZQLQILJXUHE
0 20 40 60 80 100 120 140 160 180 200
1,5
2,0
2,5
3,0
3,5
4,0
4,5
5 10 15 20 25
0
20
40
60
80
100
120
140
160
180
200
220
C/2  
 
C
ap
ac
ity
 [m
Ah
g-
1 ]
Cycle 
C/2
1C
2C
5C
Full symbol = Charge
Empty symbol = Discharge
 
 
V
ol
ta
ge
 [V
]
Capacity [mAhg-1]
  C/50
 C/16
 C/4
 C/2
a)
20
40
60
80
100
0 20 40 60 80 100 120 140
0
20
40
60
80
100
120
140
160
 Discharge Capacity 4.7-1.5 V
 Discharge Capacity 4.4-2 V
 
 
C
ap
ac
ity
 [m
A
hg
-1
]
Cycle 
C/4
b)
 Coloumbic efficiency 4.7-1.5 V
 Coloumbic efficiency 4.4-2 V
 C
oulom
bic efficiency [%
]

)LJXUHD)LUVWGLVFKDUJHRI/06#;\OHQHDWGLIIHUHQWUDWHVF\FOHVDW
KLJKHUUDWHVDUHVKRZQLQWKHILJXUHLQVHWE'LVFKDUJHFDSDFLW\RI/06#
;\OHQHGXULQJF\FOHVLQWZRGLIIHUHQWSRWHQWLDOZLQGRZVDQGWR
97KHULJKWRUGLQDWHVKRZVWKHFRXORPELFHIILFLHQF\LQ
)LJXUH  D VKRZV WKH ILUVWGLVFKDUJH FDSDFLW\ UDWLQJ IURP WR P$KJ GH
SHQGLQJRQWKH&UDWH7KHYDOXHVDW&DQG&DUHDQGP$KJUH
VSHFWLYHO\$GGLWLRQDOO\LWKDVWREHFRQVLGHUHGWKDWFDSDFLWLHVUHSRUWHGKHUHDUHZLWK
UHVSHFWWRWKH/06&ZKHUHWKHDPRUSKRXVFDUERQFRDWLQJDFWVDVFRQGXFWLYLW\HQ
KDQFHU7RREWDLQWKHVSHFLILFFDSDFLW\RIWKHEDUHVLOLFDWHWKHZHLJKWRIWKHFDUERQ
FRDWLQJZWQHHGVWREHVXEWUDFWHGZKLFKOHDGVWRYDOXHVRIaDQGP$K
J DW& DQG& UHVSHFWLYHO\%RWKYDOXHV FDQQRWEH VROHO\ DWWULEXWHG WR WKH
0Q0Q UHGR[ FRXSOH HVSHFLDOO\ FRQVLGHULQJ WKDW WKH FKDUJH FDSDFLW\ LV  
KLJKHU,WLVEHOLHYHGWKDWWKHVHFRQG/LLVPRELOLVHGWRDFHUWDLQDPRXQWDWVORZ&
UDWHVE\WKH0Q0Q UHGR[FRXSOH)LJXUHE VKRZV WKDW WKHNQRZQFDSDFLW\
GHFD\RI/06LVGLUHFWO\UHODWHGWRWKHSRWHQWLDOZLQGRZRIRSHUDWLRQDQGWKXVWRWKH
DPRXQWRI/LEHLQJH[WUDFWHGIURPWKHVWUXFWXUHGXULQJHDFKFKDUJH/06#;\
OHQHZDVF\FOHGLQWZRGLIIHUHQWSRWHQWLDOZLQGRZVDQG9DW&7KH
VDPSOHF\FOHG LQWKH ODUJHSRWHQWLDOZLQGRZVKRZHGDQLQLWLDOGLVFKDUJHFDSDFLW\RI
P$KJ$IWHUF\FOHVWKHFDSDFLW\GURSSHGWRP$KJZKLFKFRUUHVSRQGV
WR D FDSDFLW\ UHWHQWLRQ RI RQO\ 2Q WKH RWKHU KDQG WKH VDPSOH F\FOHG LQ WKH


VPDOOHUSRWHQWLDOZLQGRZUHWDLQHGRILWVLQLWLDOYDOXHRIP$KJ,WFDQEH
FRQFOXGHG WKDW WKH FDSDFLW\ GHFD\ LV GLUHFWO\ OLQNHG WR WKH DPRXQW RI /L UHPRYHG
IURPWKHVWUXFWXUHDQGWKXVWKHR[LGDWLRQVWDWHRI0Q7RIXUWKHUFRQILUPWKDWWKH
,&/LQWKHILUVWF\FOHFDQQRWEHVROHO\DWWULEXWHGWRXQZDQWHGR[LGDWLRQUHDFWLRQVLW
ZDVDWWHPSWHGWRFRPSOHWHO\PRELOLVH WKH ILUVW/LDW ORZHUSRWHQWLDOV7KLVZDVDF
FRPSOLVKHG E\ LQVHUWLQJ D SRWHQWLRVWDWLF VWHS LQ WKH JDOYDQRVWDWLF F\FOLQJ SURJUDP
/06#;\OHQHZDVFKDUJHGDW&WRDPRGHUDWHSRWHQWLDORI9DQGNHSWDW
WKLVSRWHQWLDOXQWLOWKHFXUUHQWGHQVLW\GURSSHGWRDYDOXHRI&$IWHUZDUGVLW
ZDVGLVFKDUJHGDW&WR9DQGVXEVHTXHQWO\F\FOHGDJDLQZLWKRXWWKHSRWHQWL
RVWDWLFVWHS7KHUHVXOWRIWKHH[SHULPHQWLVVKRZQLQ)LJXUH
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
)LJXUH)LUVWWRF\FOHVRI/06#;\OHQHDW&LQDSRWHQWLDOZLQGRZRI
ד9LQFOXGLQJDSRWHQWLRVWDWLFVWHSDW9XQWLOWKHFXUUHQWGHQVLW\
GHFOLQHGWRDYDOXHRI&DWWKHHQGRIWKHILUVWFKDUJH
7KHFKDUJHFDSDFLW\RIP$KJILWVZHOOZLWKWKHWKHRUHWLFDOFDSDFLW\RIWKHRQH
HOHFWURQ UHDFWLRQ HVSHFLDOO\ FRQVLGHULQJ WKH FDUERQ FRDWLQJ DQG WKH IDFW WKDW WKH
VWXGLHG/06VDPSOHVVKRZVOLJKW0QVXEVWRLFKLRPHWU\7KHFRUUHVSRQGLQJGLVFKDUJH
FDSDFLW\ZDVRQO\P$KJKHQFHVWLOOVKRZLQJDSURPLQHQW,&/RIHYHQDW
SRWHQWLDOVZHOOZLWKLQWKHNLQHWLFDOO\FRQWUROOHGVWDELOLW\UDQJHRIWKHHOHFWURO\WH,Q
RUGHUWRIXUWKHUFRQILUPWKDWWKHFDSDFLW\GHFD\LVFDXVHGE\LUUHYHUVLEOHDPRUSKLVD
WLRQ WKH VWUXFWXUDO HYROXWLRQRI/06#;\OHQHZDVPRQLWRUHGGXULQJ WKH ILUVW
WZRJDOYDQRVWDWLFF\FOHVLQDSRXFKFHOOE\LQVLWX;UD\GLIIUDFWLRQXVLQJ0R.̝UD
GLDWLRQLQWUDQVPLVVLRQPRGH7KHFRUUHVSRQGLQJLQVLWXOHYHOSORWLVVKRZQLQ)LJXUH
7KH̅UDQJHZDVOLPLWHGWRWRr,QWKLVUDQJHWKHDQG
GRXEOH SHDNVZHUHPRQLWRUHG 7KH LQWHQVLW\ RI WKHVH WZR GRXEOH SHDNV GXULQJ WKH
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WKXVFRQFOXGHWKHDPRUSKLVDWLRQ LV LUUHYHUVLEOH ,QWHUHVWLQJO\RWKHUSHDNVDSSHDU LQ
WKH LQVLWXPHDVXUHPHQW$VVKRZQ LQ WKH OHYHOSORWRQHVKDUSGRXEOHSHDNRU WZR
YHU\FORVHSHDNVDSSHDUDWDERXWr̅DQGWKH\VHHPWREHVOLJKWO\VKLIWHGWR
ORZHU̅DQJOHVLQWKHVHFRQGF\FOH$QRWKHUSHDNDSSHDUVLQERWKWKHILUVWDQGVHF
RQGFKDUJHDWSRWHQWLDOVRIDURXQG9DW̅RIDERXWrEXWGLVDSSHDUVDJDLQ
DVWKHSRWHQWLDOLVLQFUHDVHG8QIRUWXQDWHO\GXHWRWKHVKRUWVFDQUDQJHDQGWKHTXDO
LW\RIGDWDQRQHRIWKHVHSHDNVFRXOGEHLQGH[HG$OVRRQHKDVWRFRQVLGHUWKDWDQ\
FU\VWDOOLVDWLRQRFFXUULQJLQWKHFHOOZRXOGEHPRQLWRUHGVLQFHWKHH[SHULPHQWZDVSHU
IRUPHGLQWUDQVPLVVLRQPRGH7RIXUWKHULQYHVWLJDWHFKDQJHVRQWKHFDWKRGHDQGWR
JDLQDEHWWHUVLJQDOWRQRLVHUDWLRWKHLQVLWXFHOOZDVGLVDVVHPEOHGDQGWKHFDWKRGH
ZDVZDVKHGPXOWLSOHWLPHVZLWK'(&WRUHPRYH/L3)$GLIIUDFWRJUDPZDVUHFRUGHG
IURPWRr̅XVLQJ&X.̝UDGLDWLRQ7KHUHVXOWVDUHFRPSDUHGWRDIUHVKHOHF
WURGHDQGVKRZQLQ)LJXUH
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
)LJXUH;5'SDWWHUQVRIDQ/06#;\OHQHIUHVKHOHFWURGHDQGDIWHUWZR
LQVLWXF\FOHV/063PQ%UDJJUHIOHFWLRQVDUHDGGHGDQGWKHSHDNVRULJLQDWLQJ
IURPWKH0Q2LPSXULW\DQGWKH$OFXUUHQWFROOHFWRUDUHGHQRWHG$GGLWLRQDO$O
SHDNVDUHLQVWUXPHQWFDXVHGE\SDUDVLWLF&X.ʩDQG:/UDGLDWLRQ
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WLYLW\RIWKHVHFRQGUHGR[FRXSOH0QDWVORZ&UDWHVEXWWKHVWUXFWXUDOFRO
ODSVHGRHVQRW DOORZ IXOO UHOLWKLDWLRQGXULQJ WKHGLVFKDUJH7KH WKHRUHWLFDO FDSDFLW\
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FRPHEXWDOVRHOHFWURO\WHVZLWKDODUJHUSRWHQWLDOZLQGRZDUHUHTXLUHG$OOVDPSOHVLQ
WKLVVWXG\VKRZHGDSURPLQHQWLUUHYHUVLEOHFDSDFLW\ORVVEHWZHHQWKHILUVWFKDUJHDQG
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DOVLQDUHODWLYHO\VKRUWWLPH7KHLPSRUWDQFHRIWKHSUHFXUVRUFRQFHQWUDWLRQLQRUGHU
WRREWDLQ ORRVHO\DJJORPHUDWHGQDQRSDUWLFOHV LVGLVFXVVHGDQGWKH ORQJWHUPSHUIRU
PDQFHLVLQYHVWLJDWHG,QWKHFDVHRI/L)H6L2WKHRSWLPLVHGSUHFXUVRUFRQFHQWUDWLRQ
\LHOGHGSDUWLFOHVRIDERXWQPZKLFKGHOLYHUHGDQLQLWLDOGLVFKDUJHFDSDFLW\RIXS
WRP$KJDWr&DQG&)XUWKHUPRUHRYHURIWKHFDSDFLW\LVUHWDLQHG
DWDKLJKUDWHRI&DQGORQJWHUPF\FOLQJVKRZHGRXWVWDQGLQJFDSDFLW\UHWHQWLRQRI
RYHUDIWHUF\FOHVDWDPRGHUDWHUDWHRI&/L)H0Q6L2RQWKHRWKHU
KDQGZDVVKRZQWRVXIIHU IURPDVHYHUHFDSDFLW\ IDGHDQGXSRQSURORQJHGF\FOLQJ
WKHUHGR[DFWLYLW\FDQEHDWWULEXWHGVROHO\WR)H
 


,QWURGXFWLRQ
$V/L)H32LVDZHOOHVWDEOLVKHGFDWKRGHPDWHULDOIRU/LLRQEDWWHULHVRWKHUSRO\DQ
LRQPDWHLDOV OLNH/L06L2ZKHUH0 )HDQG0QKDYHUHFHQWO\JDLQHGPXFKLQ
WHUHVW DV DOWHUQDWLYH FDWKRGH PDWHULDOV 7KH\ DUH LQWHUHVWLQJ VLQFH WKH\ FRQVLVW RI
FKHDS DEXQGDQW DQG HQYLURQPHQWDOO\ EHQLJQ HOHPHQWV 6WURQJ 6L2 ERQGV LQ WKH
IUDPHZRUNUHVXOW LQDJRRGWKHUPDOVWDELOLW\DQGWKHWUDQVLWLRQPHWDOWR/LUDWLRRI
 FRXOG LQ WKHRU\ DOORZ WKH H[FKDQJH RI WZR/L SHU IRUPXOD XQLW JLYLQJ ULVH WR
KLJKWKHRUHWLFDOFDSDFLWLHVH[FHHGLQJP$KJي/L06L2FRPSRXQGVDGRSW̞
DQG ̟ /L32 VWUXFWXUHV GHSHQGLQJ RQ WKH V\QWKHVLV FRQGLWLRQV DQG WKH WUDQVLWLRQ
PHWDOFDWLRQ2QHPDMRUVKRUWFRPLQJRIWKHRUWKRVLOLFDWHVLVWKHORZFRQGXFWLYLW\
YDOXHVERWKZLWKUHVSHFWWRHOHFWURQLFDQGLRQLFFRQGXFWLYLW\7KHVHVKRUWFRPLQJVFDQ
EHRYHUFRPHE\WKHDSSOLFDWLRQRIDFRQGXFWLYHFDUERQFRDWLQJDQGWKHV\QWKHVLVRI
QDQRVWUXFWXUHGPDWHULDOV WR OLPLW WKHPHDQ GLIIXVLRQ OHQJWK IRU /L LRQV $ KLJK
SRURVLW\LQWKHPHVRDQGPDFURUDQJHDQGWKXVDKLJKFRQWDFWDUHDIRUWKHHOHFWUR
O\WHZDVDOVRVKRZQWREHVLJQLILFDQWي7KHPDMRULW\RIUHSRUWHGV\QWKHVHVDUHZHW
FKHPLFDOPHWKRGV VXFKDV VROYRWKHUPDO ي VROXWLRQDQG VROJHO UHODWHGSURFHVVHV
يDQGFRPEXVWLRQV\QWKHVHV8QIRUWXQDWHO\PRVWRIWKHVHV\QWKHVHVDUHQRW
VFDODEOHRUDUHKDUG WR FRQWUROGXULQJXSVFDOLQJDQGKHQFHDUHQRWDSSOLFDEOH IRU
WKHSUHSDUDWLRQRIODUJHTXDQWLWLHVRIHOHFWURFKHPLFDOO\DFWLYHRUWKRVLOLFDWHV:HSUH
YLRXVO\GHPRQVWUDWHGOLTXLGIHHGIODPHVSUD\S\URO\VLV/))63DVDQRYHODOWHUQD
WLYHPHWKRGWRV\QWKHVLVHQDQRVFDOHG/L0Q6L2RIIHULQJDKLJKGLVFKDUJHFDSDFLW\RI
XSWRP$KJDQGH[FHOOHQWUDWHFDSDELOLW\/L0Q6L2KRZHYHUVXIIHUVIURP
VHYHUHFDSDFLW\GHFD\DQGDPRUSKLVDWLRQRIWKHVWUXFWXUHFDXVHGE\GLVWRUWLRQVDQG
FKDQJHV LQ WKH 0Q FRRUGLQDWLRQ XSRQ R[LGDWLRQ ي &RQWUDULO\ /L)H6L2 ZDV
VKRZQWREHVWDEOHLQWKHRQHHOHFWURQUHDFWLRQUDQJHDQGLVWKXVDQLQWHUHVWLQJFDQ
GLGDWH DV ORZ FRVW DOWHUQDWLYH FDWKRGH 0Q VXEVWLWXWLRQ LQ /L)H6L2ZRXOG EH
DWWUDFWLYHLIWKHVWUXFWXUHGRHVQRWFROODSVHVLQFH0QFDQJLYHULVHWRWZRDGGLWLRQDO
UHGR[ FRXSOHV$OVR WKH0Q0Q UHGR[ UHDFWLRQ RFFXUV DW KLJKHU SRWHQWLDOV YV
/L/LFRPSDUHGWRWKH)H)HUHGR[UHDFWLRQ7KHFRPELQDWLRQFRXOGUHVXOW
LQDKLJKHUVSHFLILFHQHUJ\GXHWRDQLQFUHDVHGFDSDFLW\DQGKLJKHUYROWDJH+HUHZH
FRPPXQLFDWH/))63RI DQ(W2+S;\OHQHEDVHGPHWDO QLWUDWH DQG WHWUDHWK\O RU
WKRVLOLFDWHVROXWLRQFRPELQHGZLWKDUHGXFLQJKHDWWUHDWPHQWDQGFDUERQFRDWLQJDV
DWLPHHIILFLHQWDQGVFDODEOHPHWKRGWRV\QWKHVLVH/L)H6L2DQG/L)H0Q6L2DV
DFDWKRGHPDWHULDOIRU/LLRQEDWWHULHV
 


([SHULPHQWDO
6DPSOHSUHSDUDWLRQ
,Q WKLV VWXG\ VDPSOHV RI WKH FRPSRVLWLRQ /L)H6L2 /)6 DQG /L)H0Q6L2
/)06ZHUHV\QWKHVLVHG7KHVROXWLRQVIRU/))63FRQVLVWHGRI(W2+DQGS;\OHQH
LQDYROXPHUDWLRRIDQGDWRWDOYROXPHRIP/,QWKHFDVHRI/)6WZRGLIIHU
HQW)HSUHFXUVRUFRQFHQWUDWLRQVPRO/DQGPRO/ZHUHLQYHVWLJDWHG)RU
WKHKLJKHUFRQFHQWUDWLRQPRO)H12·+26LJPD$OGULFK!ZDVGLV
VROYHG LQ WKHDERYHPHQWLRQHGDPRXQWRI VROYHQWXQGHUYLJRURXV VWLUULQJDW r&
6XEVHTXHQWO\PRO/L12$OID$HVDUDQGPROWHWUDHWK\ORUWKRVLOLFDWH
7(269:5ZHUHDGGHG7KH ORZHUFRQFHQWUDWLRQVROXWLRQZDVPDGHZLWK
H[DFWO\KDOIWKHDPRXQWRISUHFXUVRUV7KHVDPSOHVDUHVXEVHTXHQWO\GHQRWHGDV/)6
DQG/)62QHVROXWLRQRI/)06DWKLJKFRQFHQWUDWLRQZDVSUHSDUHG7KH
/)06  VROXWLRQ ZDV SUHSDUHG LQ WKH VDPHPDQQHU DV WKH KLJKHU FRQFHQWUDWHG
/)6VROXWLRQDQGPRO)H12·+2ZDVVXEVWLWXWHGE\0Q12 ·+2
0HUFN(QVXUHIRUDQDO\VLV!7KH/))63SURFHVVZDVSHUIRUPHGRQD136
7HWKLV6S$DWDFRQVWDQWOLTXLGDQGGLVSHUVLRQJDV2IORZUDWHRIP/PLQ
7KH VROXWLRQVZHUH VSUD\HG LQWR D&+2 IORZ UDWH /PLQ IODPHZLWK D
SUHVVXUHGURSGLVSHUVLRQJDVDWWKHQR]]OHWLSRI׽EDU$IWHUWKH/))63SURFHVV
WKHSRZGHUVZHUHFROOHFWHGRQDJODVVPLFURILEHUILOWHU:KDWPDQ*)$VWKHFDU
ERQVRXUFHZWFRUQVWDUFK&DUO5RWK*PE+	&R.*IRU ODERUDWRU\XVH
ZDVPL[HGZLWKWKHFROOHFWHGSRZGHUVE\ZHWEDOOPLOOLQJIRUKXVLQJDQHTXLYD
OHQW YROXPH RI <6= JULQGLQJ PHGLD   PP DQG (W2+ DV D GLVSHUVDQW +HDW
WUHDWPHQWVZHUH FDUULHG RXW LQ D UHGXFLQJ DWPRVSKHUH + LQ$U IORZ UDWH 
/K DW r&DQGKGZHOO WRDOORZSKDVH IRUPDWLRQDQG FDUERQ FRDWLQJ LQ D
VLQJOHVWHS7KHKHDWLQJDQGFRROLQJUDWHVZHUHr&K
3K\VLRFKHPLFDOFKDUDFWHULVDWLRQ
7KHSKDVHIRUPDWLRQDQGSKDVHSXULW\ZDVPRQLWRUHGE\;UD\GLIIUDFWLRQ$OO;UD\
SRZGHU GLIIUDFWLRQ SDWWHUQV ZHUH UHFRUGHG RQ D %UXNHU ' $GYDQFH 'D9LQFL
HTXLSSHGZLWKD/\Q[(\H;HGHWHFWRUZRUNLQJLQ%UDJJي%UHQWDQR̅̅JHRPHWU\
3DWWHUQVZHUHUHFRUGHGXVLQJ&X.̝UDGLDWLRQ7KHVFDQUDQJHIRUWKHDV
S\URO\VHGSRZGHUVZDVWRr̅ZLWKDVWHSVL]HRIrDQGDQLQWHJUDWLRQ
WLPHRIV7KHILQDOVDPSOHVZHUHUHFRUGHGIURPWRr̅ZLWKDVWHSVL]H
RIrDQGDQLQWHJUDWLRQWLPHRIV/DWWLFHSDUDPHWHUFDOFXODWLRQVDQGIXOOSDW
WHUQUHILQHPHQWVIRUWKHTXDQWLILFDWLRQRIVHFRQGDU\SKDVHVZDVSHUIRUPHGZLWK7RSDV
%UXNHU$;69HUVLRQ)XQGDPHQWDOSDUDPHWHUVZHUHDSSOLHGWRUHILQHWKHSHDN


VKDSHV7KHUHILQHPHQWRI/)6LQWKHVSDFHJURXS3QZDVVWDUWHGZLWKDPRGHOE\
'DKELHWDO7KHODWWLFHSDUDPHWHUVDQGWKHDQJOH̞ZHUHDOORZHGWRUHOD[DQGVXE
VHTXHQWO\WKHDWRPLFSRVLWLRQVZHUHDOORZHGWRUHOD[VWDUWLQJZLWKWKHKHDYLHVWDWRP
7KHUHILQHPHQWVRIWKH/)06VDPSOHZHUHGRQHE\FRPELQLQJWKLVPRGHOZLWKDSUH
YLRXVO\UHSRUWHGPRGHOIRU̞,,/L0Q6L27KHFDUERQFRQWHQWZDVHVWLPDWHGE\
WKHUPRJUDYLPHWULFDQDO\VLV7*$LQV\QWKHWLFDLUP/PLQRQD1HW]VFK67$
&-XSLWHU WKHUPRDQDO\VHU6DPSOHVZHUHKHDWHGWR r&DWDKHDWLQJ UDWHRI
 r&PLQ6XUIDFH DUHDDQGSRUH VL]HGLVWULEXWLRQGDWDZDVDFTXLUHGE\QLWURJHQ
DGVRUSWLRQRQD0LFURPHWULFV7ULVWDUIRUZKLFKWKHVDPSOHVZHUHYDFXXPGULHG
DW  r& IRU  K )XUWKHUPRUSKRORJLFDO LQYHVWLJDWLRQV ZHUH FDUULHG RXW E\ ILHOG
HPLVVLRQVFDQQLQJHOHFWURQPLFURVFRS\)(6(0RQD=HLVV6XSUD937KHVDP
SOHVZHUHSUHSDUHGE\XOWUDVRQLFDWLRQRIDSRZGHU(W2+VXVSHQVLRQIRUPLQSULRU
WRDQDO\VLV
(OHFWURFKHPLFDOFKDUDFWHULVDWLRQ
7KHHOHFWURFKHPLFDOSURSHUWLHVZHUHDVVHVVHGE\JDOYDQRVWDWLFF\FOLQJH[SHULPHQWVRQ
D0DFFRU$SSOLHGYROWDJHZLQGRZVZHUH9IRU/)6VDPSOHVDQG
9IRU/)06VDPSOHV$OOVDPSOHVZHUHFKDUDFWHULVHGDWURRPWHPSHUDWXUH$GGL
WLRQDOO\ FHOOVPDGHZLWK /)6 ZHUH FKDUDFWHULVHG DW r&7KH FRUUHVSRQGLQJ
HOHFWURGHVZHUHSUHSDUHGE\DWDSHFDVWLQJPHWKRG$VOXUU\FRQWDLQLQJZWDF
WLYHPDWHULDOZWFRQGXFWLYHFDUERQ6XSHU37LPFDODQGZWSRO\YLQ\OL
GHQH IOXRULGH 39') .\QDU UHDJHQW JUDGH DV ELQGHU GLVSHUVHG LQ 10HWK\O
S\UUROLGRQH 103 6LJPD$OGULFK! ZDV SUHSDUHG XVLQJ D VKDNHUPLOO 
PLQ7KLVVOXUU\ZDVWDSHFDVWHGRQ$OIRLODVFXUUHQWFROOHFWRUDQGGULHGIRUKDW
r&LQYDFXXP&LUFXODUFDWKRGHVPPZLWKDVROLGORDGRIDERXWPJFP
ZHUHFXWIURPWKHFDVWV8VLQJWKHVHFDWKRGHV&5FRLQFHOOVZHUHDVVHPEOHGLQ
DJORYHER[GU\$UDWPRVSKHUH&LUFXODU/LGLVFVDFWHGDVFRXQWHUHOHFWURGHVVHSD
UDWHGE\D&HOJDUG33ILOP7KHDSSOLHGHOHFWURO\WHZDV0/L3)GLVVROYHGLQ
DYROXPHUDWLRRIHWK\OHQHFDUERQDWHGLHWK\OFDUERQDWHVROXWLRQ$OGULFK%DW
WHU\ JUDGH7KHPHDVXUHG FDSDFLWLHV DUH UHSRUWHGZLWK UHVSHFW WR WKHPDVV RI WKH
FDUERQFRDWHGFRPSRVLWH7KHFKDUJHUDWH&ZDVGHILQHGDVDFXUUHQWGHQVLW\RI
P$J &$IWHUJDOYDQRVWDWLF F\FOLQJ H[SHULPHQWV VHOHFWHGEDWWHULHVZHUHGLVDV
VHPEOHGLQDJORYHER[DQG;5'VFDQVRIWKHFDWKRGHZHUHUHFRUGHGWRLQYHVWLJDWH
WKHVWUXFWXUDOLQWHJULW\6FDQVZHUHUHFRUGHGIURPWRr̅VWHSVL]HRIr
LQWHJUDWLRQWLPHVXVLQJ&X.̝UDGLDWLRQDQGFRPSDUHGWRWKHSDWWHUQVRIWKHFRU
UHVSRQGLQJSRZGHUV



5HVXOWVDQGGLVFXVVLRQ
;5'SDWWHUQV RI WKH WKUHH DVS\URO\VHG SRZGHUV DUH VKRZQ LQ)LJ $OO SRZGHUV
ZHUH VKRZQWREHKLJKO\DPRUSKRXV&U\VWDOOLQHSDUWVZHUH LQGH[HG WR/L&2DQG
RQHRUPRUHVSLQHOSKDVHV7KHH[DFWFKHPLFDOFRPSRVLWLRQRIWKHVSLQHOSKDVHFRXOG
QRWEHUHVROYHGGXHWRORZFU\VWDOOLQLW\DQGSHDNEURDGHQLQJHIIHFWV
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)LJXUH3RZGHU;5'SDWWHUQVRIDVS\URO\VHG/)6EODFN/)6
EOXHDQG/)06JUHHQ
,W ZDV H[SHFWHG WKDW SKDVH IRUPDWLRQ ZRXOG QRW RFFXU GXULQJ WKH S\URO\VLV 7KH
FRPELQDWLRQRIH[WUHPHO\KLJKWHPSHUDWXUHVDVKRUWUHVLGHQFHWLPHDQGWKHR[LGLV
LQJ QDWXUH RI WKH IODPH GXULQJ WKH /))63 SURFHVV GRHV QRW DOORZ WKH SKDVH IRU
PDWLRQRIVXFKDFRPSOH[V\VWHP7KH5LHWYHOGSURILOHVRIWKHVDPSOHVDUHVKRZQLQ
)LJ%RWK/)6VDPSOHVZHUHSUHVHQWLQWKH̟VSRO\PRUSK3QDQGWKH/)06
 FRQVLVWHG RI DPL[WXUH RI ̟V DQG ̞,, 3PQ SRO\PRUSKVZKLFK LV FRPPRQO\
UHSRUWHGIRU/L0Q6L2/)6VKRZHGDKLJKHUFU\VWDOOLQLW\DQGDEHWWHUVLJ
QDOWRQRLVHUDWLRFRPSDUHGWR/)6DQG/)06$FFRUGLQJO\WKHVWUXFWXUDO
PRGHOZDVUHILQHGZLWK/)6,QWKHFDVHRI/)6RQO\WKHXQLWFHOOGLPHQ
VLRQVDQGWKHDQJOH̞ZHUHUHILQHG6LQFH/)06FRQVLVWHGRIDSRO\PRUSKPL[
WXUH WKH PRGHO IRU /)6  ZDV FRPELQHG ZLWK D SUHYLRXVO\ UHSRUWHG PRGHO IRU
/L0Q6L27KHSKDVHIUDFWLRQZDVFDOFXODWHGWRFRQVLVWRIZWPRQRFOLQLF
3QDQGZWRUWKRUKRPELF3PQ8QIRUWXQDWHO\WKHTXDOLW\RIRXUGDWDGLG
QRWDOORZDPHDQLQJIXOUHILQHPHQWRIWKHFDWLRQRFFXSDQF\LQHDFKSRO\PRUSKRIWKH


/)06VDPSOH7KHFU\VWDOOLQHIUDFWLRQRI/)6DQG/)06VKRZHGPL
QRU WUDFHV RI/L6L2 FDOFXODWHG WREHZWDQGZW UHVSHFWLYHO\ ,Q WKH
FDVH RI /)6  /L6L2 FRXOG QRW EH GHWHFWHG EXW  ZW RI D FXELF /L)H2
SKDVHZDVSUHVHQW&DOFXODWHGSKDVH IUDFWLRQVFDQKDYHHUURUPDUJLQVRIXSWR
EXWWKHILWVREWDLQHGLQWKLVVWXG\VHHPUHDVRQDEOHDQGWKHVHFRQGDU\SKDVHSHDNVDUH
KDUGO\GLVWLQJXLVKDEOH IURPWKHEDFNJURXQG7KHFRUUHVSRQGLQJFHOOSDUDPHWHUVDQG
FDOFXODWHGFU\VWDOOLWHVL]HVIURPWKHIXOOZLGWKDWKDOIPD[LPXPRIWKHSHDN
IRURUWKRUKRPELF3PQDUHJLYHQLQ7DEOH
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 Calculated
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 Difference
 P21n 98.5 wt.%
 Li2SiO3 1.5 wt. %
Rwp: 9.31
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 P21n 98 wt. %
 Li2Fe3O4 2 wt. %
Rwp: 11.13
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 Difference 
 P21n 61 wt. %
 Pmn21 37 wt. %
 Li2SiO3 2 wt. %
Rwp: 11.29
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)LJXUH5LHWYHOGSURILOHVRID/)6E/)6DQGF/)06
,QFOXGLQJDPDJQLILHGUHJLRQrʐWKHFRUUHVSRQGLQJKNOYDOXHVDQGWKH
FDOFXODWHGSKDVHIUDFWLRQ
7DEOH 8QLW FHOO SDUDPHWHUV DQG FDOFXODWHG FU\VWDOOLWH VL]H RI /)6  /)6
DQG/)06
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
7KHXQLWFHOOGLPHQVLRQVRIWKHWZR/)6VDPSOHVDUHYHU\VLPLODUWRHDFKRWKHUDQG
LQ DJUHHPHQWZLWK GDWD IURP WKH OLWHUDWXUH 7KH 0Q VXEVWLWXWHG VDPSOH
/)06RIIHUVLQFUHDVHG3QXQLWFHOOGLPHQVLRQVDORQJWKHDDQGWKHFD[LVZKLOH
WKHED[LV LV VOLJKWO\ VKRUWHQHG OHDGLQJ WRDQRYHUDOO LQFUHDVHG FHOO YROXPH$W WKH
VDPHWLPHWKH3PQXQLWFHOOKDVDVOLJKWO\VPDOOHUYROXPHWKDQSUHYLRXVO\UHSRUWHG
GDWDIRU/L0Q6L27KLVFDQEHH[SODLQHGE\WKHGLIIHUHQFHLQLRQLFUDGLXVRIWHW
UDKHGUDOO\FRRUGLQDWHG0QDQG)HZKHUHWKHIRUPHUKDVDQLRQLFUDGLXVRI


DQG
OHG
DQGWKH
PRUSKR
VL]HEHW
VDPH U
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YDOXHV
)LJXU
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LW\RI/)6
DGL
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/)6
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HD
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
/)6
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GFU\VWDOOL
)6V
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DQG
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
$OOSRZGHUVFRQVLVWSULPDULO\RIORRVHO\DJJORPHUDWHGQDQRVFDOHSDUWLFOHVEXWGLIIHU
HQFHVDUHFOHDUO\YLVLEOHLQSDUWLFXODUIRUWKHWZR/)6VDPSOHV7KHKLJKHUPDJQLIL
FDWLRQUHYHDOVWKDWSDUWVRIWKH/)6VDPSOHFRQVLVWRI ODUJHLUUHJXODUO\VKDSHG
GHQVHDJJORPHUDWHV+RZHYHUWKH/)6VDPSOHRIIHUVPDLQO\ORRVHO\DJJORPHUDW
HGQDQRSDUWLFOHVDQGVRPHVSKHULFDOVXEwP!QPVL]HGHQVHDJJORPHUDWHV7KH
DXWKRUV REVHUYHG D VLPLODU PRUSKRORJ\ IRU /))63 V\QWKHVLVHG /L0Q6L2  DOW
KRXJKZLWKRXW WKH FRQFHQWUDWLRQ HIIHFW REVHUYHGKHUH7KLVJLYHV D FOHDU LQGLFDWLRQ
WKDWWKHFRQFHQWUDWLRQRIWKH)H12·+2SUHFXUVRUKDVDSURQRXQFHGHIIHFWRQ
SDUWLFOHJURZWKDQGDJJORPHUDWLRQ ,WFDQQRWEHFRQFOXGHG LI WKH IHUULF LRQ LWVHOIRU
WKHLQFUHDVHGDPRXQWRIQLWUDWHDQLRQVDQGFU\VWDOZDWHULVFDXVLQJWKLVHIIHFW/)06
DOVRVKRZVVRPHGHQVHDJJORPHUDWHGDUHDVFOHDUO\YLVLEOHLQWKHXSSHUOHIWFRUQHU
RI)LJIEXWWKHDPRXQWRIWKHVHDJJORPHUDWHVLVUHGXFHGFRPSDUHGWRWKH/)6
VDPSOH7KHDGGLWLRQRIFRUQVWDUFKSULRUWRWKHDQQHDOLQJQRWRQO\HQVXUHVWKH
JHQHUDWLRQRIDFDUERQFRDWLQJEXWDOVRKLQGHUVIXUWKHUSDUWLFOHJURZWK7KLVLVVXS
SRUWHGE\WKH%(7GDWDLOOXVWUDWHGLQ7DEOHFRPSDULQJWKHDVS\URO\VHGSRZGHUV
DQGWKHFDUERQFRDWHGSRZGHUV
7DEOH  6XUIDFH DUHD GDWD GLYLGHG LQWR PLFURSRUH DUHD SRUH   QP DQG
H[WHUQDOVXUIDFHDUHDIRUDVS\URO\VHGDQGFRDWHGVDPSOHV$VS\URO\VHGVDPSOHV
DUHGHQRWHGE\$3
6DPSOH %(7VXUIDFHDUHD
>PJ@
([WHUQDOVXUIDFHDUHD
>PJ@
0LFURSRUHDUHD>PJ@
/)6$3   
/)6   
/)6$3   
/)6   
/)06$3   
/)06   

)XUWKHUPRUHWKHVXUIDFHDUHDLQ7DEOHLVGLYLGHGLQWRPLFURSRUHDUHDDQGH[WHUQDO
VXUIDFHDUHDZKHUHWKHODWWHUUHIOHFWVWKHDFWLYHVXUIDFHDUHDRIWKHPDWHULDOVLQFHPL
FURSRUHVDUHE\GHILQLWLRQVPDOOHUWKDQQPDQGFDQQRWEHSHQHWUDWHGE\WKHVROYDW
HGLRQV,WZDVSUHYLRXVO\VKRZQWKDWWKHPLFURSRUHVFDQWRDKLJKH[WHQWEHDW
WULEXWHGWRSRURVLW\RIWKHDPRUSKRXVFDUERQFRDWLQJ7KLVLVOLNHO\WKHFDVHKHUHDV
ZHOOVLQFHWKHDPRXQWRIPLFURSRURVLW\LVLQDOOWKUHHFDVHVLQFUHDVHGDIWHUWKHDQ
QHDOLQJVWHS7KHORZHUHG)HSUHFXUVRUFRQFHQWUDWLRQOHGWRDVWURQJLQFUHDVHLQWKH
H[WHUQDO VXUIDFH DUHD DQG KHQFH LQGLFDWHV VPDOOHU SDUWLFOHV ZKLFK LV LQ DJUHHPHQW
ZLWK WKH )(6(0 REVHUYDWLRQV 7KH VXUIDFH DUHD RI WKH 0Q VXEVWLWXWHG VDPSOH


/)06OLHVEHWZHHQWKHWZR/)6VDPSOHV7KLVLVDOVRLQDJUHHPHQWZLWKWKH)(
6(0REVHUYDWLRQVZKHUHZHSRLQWHGRXWWKDWWKHDPRXQWRIGHQVHDJJORPHUDWHV LV
UHGXFHG7KHQRWLFHDEO\LQFUHDVHGPLFURSRUHDUHDLQDOOFDVHVJLYHVDILUVWLQGLFDWLRQ
RIDVXEVWDQWLDODPRXQWRIFDUERQLQWKHVDPSOHV)LJVKRZVWKHSRUHVL]HGLVWULEX
WLRQVDQGWKH7*$FXUYHVXVHGWRHVWLPDWHWKHFDUERQFRQWHQWRIWKHWKUHHVDPSOHV
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)LJXUHD3RUHVL]HGLVWULEXWLRQE7*$SURILOHLQV\QWKHWLFDLURI/)6
/)6DQG/)06
7KHSRUHYROXPH LQ WKHPHVRUDQJHRI/)6DQG/)06 LV ODUJHU WKDQ IRU
/)6ZKLFK LVDOVR VXSSRUWHGE\ WKH)(6(0GDWD7KH FRPELQDWLRQRI WKHVH
REVHUYDWLRQVVWUHQJWKHQWKHK\SRWKHVLVWKDWKLJK)H12·+2SUHFXUVRUFRQFHQ
WUDWLRQVOHDGWRSDUWLFOHJURZWKDQGWKHIRUPDWLRQRIGHQVHDJJORPHUDWHV%RWK/)6
 DQG /)6  VKRZ DQ RQVHW RIPDVV JDLQ DW DERXW  r&ZKLFK FDQ EH DW
WULEXWHGWRWKHR[LGDWLRQRI)HUHVXOWLQJLQWKHIRUPDWLRQRI/L6L2DQG)H2
7KLVPDVVJDLQLVIROORZHGE\DPDVVORVVDWWHPSHUDWXUHVr&FDXVHGE\WKH
R[LGDWLRQRIWKHFDUERQFRDWLQJFDXVLQJHYROXWLRQRI&2DQG&27KHFDUERQFRQ
WHQWHVWLPDWHGIURPWKHPDVVORVVLVLQWKHFDVHRI/)6DERXWZWDQGLQ
WKHFDVHRI/)6DERXWZW7KHFXUYHRIWKH/)06VDPSOH LVTXLWH
VLPLODUEXW VKRZV VRPHPDVV UHJDLQDQG ORVVDW WHPSHUDWXUHV! r&7KHDGGL
WLRQDO0QFDWLRQFRPSOLFDWHVWKH7*$SURILOHVLQFH LWFDQIRUPGLIIHUHQWR[LGHVGH
SHQGHQWRQWKHWHPSHUDWXUHDQGWKHR[\JHQSDUWLDOSUHVVXUH,ILWLVDVVXPHGWKDW
WKHPDVVORVVEHWZHHQr&DQGr&LVFDXVHGE\WKHGHFRPSRVLWLRQRIWKHFDU


ERQFRDWLQJWKHLQLWLDOFDUERQFRQWHQWRIWKHVDPSOHLVDERXW(OHFWURGHVZHUH
IDEULFDWHGIURPDOOVDPSOHVDQGWKHHOHFWURFKHPLFDOSURSHUWLHVZHUHDVVHVVHGE\JDO
YDQRVWDWLFF\FOLQJDWURRPWHPSHUDWXUH7KHXSSHUFXWRIIYROWDJHIRUERWK/)6VDP
SOHVZDVVHWWR9ZKLOVW/)06ZDVFKDUJHGXSWR9WRDOORZWKHR[LGD
WLRQRI0Q)LJDEDQGFVKRZWKHILUVWVHFRQGDQGILIWKJDOYDQRVWDWLFF\FOHVRI
WKHFRUUHVSRQGLQJVDPSOHVDWDFKDUJHUDWHRI&)LJGDQGHVKRZWKHUHVXOW
LQJGLIIHUHQWLDOFDSDFLW\SORWVRI/)6DQG/)06
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a) LFS 0.24
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Mn2+ > Mn3+e) LFMS 0.24

)LJXUH)LUVWVHFRQGDQGILIWKJDOYDQRVWDWLFF\FOHRID/)6E/)6
DQGF/)067KHFRUUHVSRQGLQJGLIIHUHQWLDOFDSDFLW\SORWVRI/)6DQG
/)06DUHVKRZQLQGDQGHUHVSHFWLYHO\


%RWK/)6VDPSOHVVKRZHGDUHGXFHGFDSDFLW\GXULQJWKHILUVWFKDUJHZKLFKFDQEH
DWWULEXWHGWRWKHSDUWLDOR[LGDWLRQRI)HGXULQJSURORQJHGVWRUDJHLQDLU+RZHYHU
WKHPL[HGPHWDOVDPSOH/)06GRHVQRWVKRZWKLVHIIHFWLQDSURQRXQFHGPDQ
QHU DQGDOVR RXUSUHYLRXV VWXGLHVRQ/L0Q6L2KDYHQRW VKRZQD UHGXFHGFKDUJH
FDSDFLW\RQWKHILUVWF\FOH7KLVVXJJHVWVWKDWGLYDOHQW0QLVQRWDVSURQHWRR[L
GDWLRQLQFRQWDFWZLWKDLUDVGLYDOHQW)H7KHGLVFKDUJHFDSDFLW\RI/)6LV
P$KJPRUHWKDQKLJKHUWKDQRI/)67KHHQKDQFHGHOHFWURFKHPLFDODF
WLYLW\FDQEHDWWULEXWHGWRWKHVPDOOHUSDUWLFOHVL]HDQGKLJKHUVXUIDFHDUHDRIWKHPD
WHULDO/)06VKRZVDYHU\VLPLODUILUVWGLVFKDUJHFDSDFLW\EXWDVXEVWDQWLDOLU
UHYHUVLEOHFDSDFLW\ ORVVGXULQJWKHILUVWF\FOHDQGDFDSDFLW\UHWHQWLRQRIRQO\
DIWHUILYHF\FOHV
/)6 KDV EHHQ VKRZQ WR XQGHUJR VWUXFWXUDO UHDUUDQJHPHQWV XSRQ F\FOLQJ 7KH DV
SUHSDUHGPRQRFOLQLF̟VSRO\PRUSKFRQYHUWVWRDQLQYHUWHGRUWKRUKRPELF̞,,VWUXFWXUH
$VWKLVRFFXUVWKHFRQQHFWLYLW\RIWKH)H2XQLWVFKDQJHVDQGKHQFHVRGRWKH
LQWHUFDODWLRQGHLQWHUFDODWLRQSRWHQWLDOV7KLVFDQEHVHHQLQWKHJDOYDQRVWDWLFF\FOLQJ
SORWVEXWLWLVHYHQPRUHYLVLEOHLQWKHGLIIHUHQWLDOFDSDFLW\SORWLQ)LJG,QWKH
LQLWLDOF\FOHWKHGHLQWHUFDODWLRQSRWHQWLDOLVORFDWHGDW9DQGWKHFRUUHVSRQGLQJ
LQWHUFDODWLRQSRWHQWLDODW98SRQF\FOLQJWKHVHSHDNVGLVDSSHDUZKLOHQHZDQ
RGLFDQGFDWKRGLFSHDNVDSSHDUDW9DQG9UHVSHFWLYHO\7KHGLIIHUHQWLDO
FDSDFLW\SORWRI/)06)LJHLVPRUHFRPSOLFDWHG$VDOUHDG\VHHQLQ)LJ
F WKH YROWDJH SURILOH RI /)06 FKDQJHV XSRQ F\FOLQJ'XULQJ WKH ILUVW DQG VHFRQG
GLVFKDUJH WKUHH GLVWLQFW VORSHV FDQ EH GLVWLQJXLVKHGZKHUHDV LQ WKH ILIWK F\FOH WKH
ILUVWVORSHDWKLJKSRWHQWLDOVGLVDSSHDUHG7KHVWURQJO\VORSLQJFXUYHVDQGWKHFDSDFL
W\ IDGH DOUHDG\ LQGLFDWH D SURJUHVVLQJ VWUXFWXUDO GHJUDGDWLRQ 7KH VORSLQJ SURILOH
OHDGVWRZLGHSHDNVLQWKHGLIIHUHQWLDOFDSDFLW\SORW7KHUHGR[UHDFWLRQRI0QDQG)H
DUHLQGLFDWHGE\DUURZVLQWKHFRORXUFRUUHVSRQGLQJWRWKHF\FOH'XULQJWKHILUVWR[L
GDWLRQ RQO\PLQRU DFWLYLW\ FDQ EH GHWHFWHG EHORZ  9 7KH EURDGPLQRU SHDN DW
DERXW  9 FDQ EH DWWULEXWHG WR WKH R[LGDWLRQ RI )H WR )H ,QGHHG )H LQ
/)06FRXOGDOVRKDYHEHHQSDUWO\R[LGLVHGXSRQVWRUDJH$WSRWHQWLDOVRYHU9
DKXJHSHDNRFFXUVZKLFKLVDWWULEXWHGWRWKHR[LGDWLRQRI0QWR0Q'XULQJWKH
IROORZLQJGLVFKDUJHWKUHHGLVWLQFWEURDGFDWKRGLFSHDNVRFFXU7KHILUVWDQGVHFRQG
EURDG SHDNV DUH ORFDWHG DW DERXW  DQG  9 UHVSHFWLYHO\ 6HYHUDO DXWKRUV KDYH
VKRZQ E\ F\FOLF YROWDPPHWU\ WKDW /L0Q6L2 H[KLELWV WZR SHDNV XSRQ LQLWLDO GLV
FKDUJHLQGHSHQGHQWRIZKHWKHUWKHLUUHSRUWHGFDSDFLWLHVLQGLFDWHGDRQHRUWZRHOHF
WURQ UHDFWLRQ ي ,IRQHFRQVLGHUV WKH VWUXFWXUDO FROODSVHRI/L0Q6L2 WKHPLQRU
ILUVWFDWKRGLFSHDNDWDURXQG9FDQEHDWWULEXWHGWR0Q0QVWLOOLQLWVLQLWLDO
FKHPLFDOHQYLURQPHQWZKLOHWKHVHFRQGPRUHSURQRXQFHGSHDNZRXOGFRUUHVSRQGWR
0Q0QLQDQDOWHUHGFKHPLFDOHQYLURQPHQW7KLVLVDOVRWKHFDVHIRU/)06
7KH WKLUGFDWKRGLFSHDNDW 9 FRUUHVSRQGV WR WKH)H)H UHGXFWLRQ DQG WKH


VXEVHTXHQW R[LGDWLRQ VKRZV WKH DFFRUGLQJ DQRGLF SHDNDW DERXW 97KHDQRGLF
0Q0QSHDNGXULQJWKHVHFRQGR[LGDWLRQLVDOVRVKLIWHGWRORZHUSRWHQWLDOVDQG
EHFRPHVH[WUHPHO\EURDG)LQDOO\LQWKHILIWKF\FOHRQO\WKHSHDNVFRUUHVSRQGLQJWR
WKH)H)HUHGR[FRXSOHDUHVWLOOYLVLEOHZKLOHDQ\0QDFWLYLW\LVYLVXDOO\DEVHQW
7KLV FRXOG EH FDXVHG E\0QGLVVROXWLRQ LQ FRPELQDWLRQZLWK D VWUXFWXUDO FROODSVH
7KHVH ILQGLQJV DUH LQ DJUHHPHQWZLWK RWKHU UHSRUWV FRPPXQLFDWLQJ VHYHUH FDSDFLW\
IDGH XSRQ F\FOLQJ IRU0Q VXEVWLWXWHG /L)H6L2  DVZHOO DV WKHRUHWLFDO SUHGLF
WLRQV6LQFH/)6VKRZHGDVXSHULRUSHUIRUPDQFHFRPSDUHGWR/)6 IXU
WKHUFKDUDFWHULVDWLRQRI/)6ZDVRPLWWHG7KHLQLWLDOFDSDFLW\RIP$KJLV
VWLOOORZHUWKDQWKHWKHRUHWLFDOFDSDFLW\RIP$KJIRUWKHRQHHOHFWURQUHDFWLRQ
+RZHYHU LWKDV WREHFRQVLGHUHGWKDWZWRI/)6FRQVLVWVRIDPRUSKRXV
FDUERQDQGGRHVQRWWDNHSDUWLQWKHHOHFWURFKHPLFDOUHDFWLRQDWWKHVHSRWHQWLDOV7R
JLYHDPRUHUHDOLVWLFQXPEHURIKRZPDQ\/L LRQVSHUWUDQVLWLRQPHWDODUHH[WUDFW
HGLQVHUWHGWKHFDUERQFRDWLQJQHHGVWREHVXEWUDFWHGIURPWKHDFWLYHPDWHULDOPDVV
7KLVOHDGVWRDGLVFKDUJHFDSDFLW\RIP$KJIRUWKHSXUHDFWLYHPDWHULDOZKLFK
FRUUHVSRQGVWRWKHLQVHUWLRQRIDERXW/LSHUWUDQVLWLRQPHWDO LRQ7RSXVKWKLV
QXPEHUFORVHU WR WKHNLQHWLFVZHUHHQKDQFHGE\F\FOLQJ/)6DWDQHOHYDWHG
WHPSHUDWXUHRIr&7KHFRUUHVSRQGLQJJDOYDQRVWDWLFF\FOLQJSURILOHRI/)6DW
GLIIHUHQW&UDWHVLVVKRZQLQ)LJ7KHFHOOZDVF\FOHGDW&&&&&
DQG& IRU ILYH FRQVHFXWLYH F\FOHV$VSUHYLRXVO\PHQWLRQHG WKH ILUVW FKDUJHSURILOH
ORRNVGLIIHUHQWIURPWKHUHVWDQGZDVH[FOXGHGIRUFODULW\RIWKHILJXUH
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
)LJXUH*DOYDQRVWDWLFF\FOHVRI/)6DWr&7KHFHOOZDVF\FOHGILYH
WLPHVDWHDFK&UDWHUDQJLQJIURP&WR&7KHILUVWFKDUJHLVH[FOXGHG


'HVSLWH WKH SUHYLRXVO\ GHVFULEHG EHKDYLRXU GXULQJ WKH ILUVW FKDUJH QR GLVFUHSDQF\
EHWZHHQFKDUJHDQGGLVFKDUJHFDSDFLW\ZDVGHWHFWHGGHPRQVWUDWLQJWKHUHYHUVLELOLW\
RIWKHUHDFWLRQDOVRDWHOHYDWHGWHPSHUDWXUHV7KHLQLWLDOGLVFKDUJHFDSDFLW\ZDV
P$KJ7KLVYDOXHFRUUHVSRQGVZHOOWRWKHFRPSOHWHRQHHOHFWURQUHDFWLRQ/L)H6L2
ļ/L)H6L2LIWKHFDUERQFRQWHQWaZWLVVXEWUDFWHGIURPWKHDFWLYHPDVVRI
WKHFDWKRGH:LWKLQWKHILUVWILYHF\FOHVWKHFDSDFLW\VWDELOLVHVDWYDOXHVRIDERXW
P$KJ$WDUDWHRI&DQG&DQGRIWKHLQLWLDOFDSDFLW\LVUHWDLQHGUH
VSHFWLYHO\7KLVGLVSOD\VDQDFFHSWDEOHUDWHSHUIRUPDQFH)LJVKRZVWKHUDWHSHU
IRUPDQFHUDQJLQJIURP&WR&RI/)06DQG/)6DWURRPWHPSHUD
WXUH3DUWVEDQGF VKRZWKH ORQJWHUPSHUIRUPDQFHRIERWKVDPSOHVDW&UDWH
LQFOXGLQJWKHFRXORPELFHIILFLHQF\DQGGLIIHUHQWLDOFDSDFLW\SORWVRIGLIIHUHQWF\FOHVLQ
WKHLQVHWV
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
)LJXUHD5DWHFDSDELOLW\RI/)06DQG/)6DWURRPWHPSHUDWXUHE
/RQJWHUPF\FOLQJRI/)06DW&,QVHWVKRZVWKHGLIIHUHQWLDOFDSDFLW\RI
WKHVWWKDQGWKF\FOHF/RQJWHUPF\FOLQJRI/)6DW&,QVHW
VKRZVWKHGLIIHUHQWLDOFDSDFLW\RIWKHWKWKWKWKDQGWKF\FOH


/)6VKRZVDQRYHUDOOVWDEOHF\FOLQJEHKDYLRXUDWr&DQGURRPWHPSHUDWXUH
$OVRDWURRPWHPSHUDWXUHRYHUKDOIRIWKHLQLWLDOFDSDFLW\LVUHWDLQHGDWDKLJKFXU
UHQWGHQVLW\RIP$J&KHQFHSURYLQJWKHWHPSHUDWXUHLQGHSHQGHQFHRIWKH
UDWHFDSDELOLW\LQWKHJLYHQWHPSHUDWXUHUHJLRQ$IWHUF\FOHVWKH/)6VDPSOH
VKRZVDFDSDFLW\UHWHQWLRQRI+RZHYHU/)06VKRZVDVHYHUHFDSDFLW\IDGH
GXULQJWKHLQLWLDOF\FOHVDW&UDWH+HQFHLWLVQRWVWUDLJKWIRUZDUGWRGHILQHWKH
UDWHFDSDELOLW\VLQFHWKHORZHUFDSDFLW\DWKLJKHUUDWHV LV LQIOXHQFHGE\WKHORVVDO
UHDG\RFFXUUHGLQWKHLQLWLDOF\FOHV)XUWKHUWKHFDSDFLW\IDGHRI/)06LVPXFK
OHVVSURQRXQFHGDWKLJKHUUDWHV:HOLQNWKLVEHKDYLRXUWR/L0Q6L2ZKHUHWKHFD
SDFLW\GHFD\LVGLUHFWO\OLQNHGWRWKHDPRXQWRI/LH[FKDQJHGDQGKHQFHWKHFDSDFLW\
)LJEVKRZVWKHFDSDFLW\UHWHQWLRQGXULQJORQJWLPHF\FOLQJRI/)06DW
&UDWH7KHFDSDFLW\UHWHQWLRQDIWHUF\FOHVLVRQO\$IWHUZDUGVRQO\DVORZ
GHFD\ LV REVHUYDEOH 7KH FHOO EURNH GRZQ DIWHU  F\FOHV SRVVLEO\ FDXVHG E\ VLGH
UHDFWLRQVGXHWRWKHKLJKSRWHQWLDOZLQGRZ7KHLQVHWVKRZVWKHGLIIHUHQWLDOFDSDFLW\
RIWKHVWWKDQGWKF\FOH7KHILUVWF\FOHUHVHPEOHVWKHGLIIHUHQWLDOFDSDFLW\SORW
GLVFXVVHGLQ)LJHDQGDVSUHYLRXVO\PHQWLRQHGDQ\0QDFWLYLW\GLVDSSHDUVIURP
WKHGLIIHUHQWLDOFDSDFLW\SORWDIWHUSURORQJHGF\FOLQJ7KHGLIIHUHQWLDOFDSDFLW\GXULQJ
WKH WK DQG WK F\FOH VKRZ  DQRGLF DQG  FDWKRGLF SHDN FRUUHVSRQGLQJ WR WKH
)H)HUHGR[UHDFWLRQ7KHVHWZRSHDNVDUHVOLJKWO\VKLIWHGLQSRWHQWLDODQGUDLVH
WKHTXHVWLRQLIVWUXFWXUDOUHDUUDQJHPHQWVKDSSHQXSRQSURORQJHGF\FOLQJ,QFRPSDUL
VRQ/)6 VKRZVD VWDEOH F\FOLQJSURILOHZLWKDFDSDFLW\ UHWHQWLRQ!DIWHU
F\FOHV7KHFRXORPELFHIILFLHQF\DSSURDFKHVDIWHUWKHILUVWIHZF\FOHV7KH
LQVHW VKRZV WKH GLIIHUHQWLDO FDSDFLW\ RI WKH WK WK WK WK DQG WK F\FOHV
GHPRQVWUDWLQJWKHH[FHOOHQWVWDELOLW\RI WKHV\VWHP7KHVWDELOLW\ZDVFRQILUPHGE\
SRVWPRUWHP;5'LQDIXOO\GLVFKDUJHGVWDWH'LVDVVHPEO\RIWKH/)6FHOODIWHU
 F\FOHVZDVFDUULHGRXW LQDQ$U ILOOHGJORYHER[7KHHOHFWURGHZDV WKRURXJKO\
ZDVKHGZLWK'(&7KH/)06FHOOVKRZQLQ)LJDZDVDOVRGLVDVVHPEOHGIRU
SRVWPRUWHP;5',QFRQWUDVWWRWKH/)6FHOOWKH/)06VKRZHGSRRUGL
PHQVLRQDO VWDELOLW\ )LJ  VKRZV WKH FRUUHVSRQGLQJ;5' SDWWHUQV LQFOXGLQJ;5'
VFDQVRIWKHIUHVKHOHFWURGHPDWHULDOVIRUFRPSDULVRQ1RWHWKDW/)6ZDVPHDV
XUHGRQWKH$OFXUUHQWFROOHFWRU$OSHDNVDQGDQXQLGHQWLILHGSHDNDUHGHQRWHGE\
DVWHULVNV



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Position 2Θ [°]
 LFS 0.12 300 cycles
 LFS 0.12 as prepared
 cycled structure Pmn21
 Initial structure P2
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Position 2Θ [°]
 LFMS 0.24 as prepared
 LFMS 0.24 40 cycles
γs P21n
βIIPmn21
b)

)LJXUHD;5'SDWWHUQRI/)6DIWHUF\FOHVDWDIXOO\GLVFKDUJHG
VWDWHLQFOXGLQJDSDWWHUQRIWKHDVSUHSDUHGVDPSOHDQGKNOSRVLWLRQVRIWKH
LQLWLDO3QVWUXFWXUHDQGDLQYHUVHG3PQVWUXFWXUHDFFRUGLQJWR$UPVWURQJHW
DOE;5'SDWWHUQRI/)06DIWHUF\FOHVDWDIXOO\GLVFKDUJHGVWDWH
LQFOXGLQJDSDWWHUQRIWKHDVSUHSDUHGVDPSOHDQGKNOSRVLWLRQVRIWKHLQLWLDO
3QDQG3PQVWUXFWXUHV
%RWKSRVWF\FOLQJVFDQVVKRZDUDWKHUSRRUVLJQDOWRQRLVHUDWLRFDXVHGE\WKHVPDOO
VDPSOHDPRXQW LQDGGLWLRQWRDKLJKDPRUSKRXV IUDFWLRQUHVXOWLQJ IURPWKHFDUERQ
FRDWLQJ DQG DGGLWLYHV 6XSHU 3 DQG 39') 7RSDV VXJJHVWV WKH F\FOHG /)6 
VDPSOHVKRZQLQ)LJDWRFRQVLVWRIZWLQYHUVHG̞,,3PQDQGZW
DVV\QWKHVLVHG̟V3Q7KHVHQXPEHUVKDYHWREHKDQGOHGZLWKFDXWLRQEXWFOHDU
HYLGHQFHIRUWKHVWUXFWXUDOFKDQJHVFDQEHREVHUYHGLQWKHUHJLRQWRr̅3UR
QRXQFHG3PQ DQG  SHDNV DUH YLVLEOH DW  DQG  r ̅ UHVSHFWLYHO\
7KHVHWZRSHDNVZRXOGEHRIDYHU\PLQRULQWHQVLW\IRUDQRQLQYHUVHG3PQVWUXF
WXUHVLQFHWKHFRUUHVSRQGLQJODWWLFHSODQHVRIIHUYHU\OLPLWHGHOHFWURQGHQVLW\'XHWR
WKH)H/LVLWHUHYHUVDOKRZHYHUWKHHOHFWURQGHQVLW\DQGKHQFHWKHLQWHQVLW\RIWKHVH
SHDNV LV VWURQJO\ LQFUHDVHG)XUWKHU WKHSHDNV DW DERXW  r ̅ VKRZEURDGHQLQJ
ZKLFKFDQEHH[SODLQHGE\WKHSHDNRIWKHLQYHUVHGVWUXFWXUHZKLFKLVORFDWHGDW
VOLJKWO\ORZHUDQJOHVWKDQWKHGRXEOHSHDNRIWKHLQLWLDOVWUXFWXUH7KHUH
PDLQVRIDSDUWO\QRQLQYHUVHGVWUXFWXUHFRXOGEHH[SODLQHGE\WKHIDFWWKDWGXULQJ
F\FOLQJRQO\DERXW/LSHUIRUPXODXQLWZHUHH[WUDFWHGDQGUHLQVHUWHG,QWKH
FDVHRI/)06VPDOOSHDNVUHVHPEOLQJWKHLQLWLDO;5'SDWWHUQDUHVWLOOSUHVHQW
7KLV LV LQ FRQWUDVW WR /L0Q6L2 ZKHUH LUUHYHUVLEOH DPRUSKLVDWLRQ RFFXUV DOUHDG\
XSRQWKHILUVWFKDUJH+RZHYHUWKHSDWWHUQRIWKHF\FOHG/)06VXJJHVWVD
KLJKDPRUSKRXVFRQWHQW)XUWKHUWKHSRRUTXDOLW\GRHVQRWDOORZDQ\FRQFOXVLRQVWR
ZKHWKHUWKHUHPDLQLQJFU\VWDOOLQHIUDFWLRQVWLOOFRQVLVWVRI/L)H0Q6L2RUD0Q
GHILFLHQWSKDVH


&RQFOXVLRQV
$QRYHOVFDODEOHV\QWKHVLVPHWKRGLVUHSRUWHG/LTXLGIHHGIODPHVSUD\S\URO\VLVZLWK
D VXEVHTXHQW KHDW WUHDWPHQW LQ UHGXFLQJ DWPRVSKHUH LV FDSDEOH RI SURGXFLQJ ODUJH
DPRXQWVRIHOHFWURFKHPLFDOO\DFWLYHQDQRVL]HG/L)H6L2DQG/L)H0Q6L2ZLWK
KLJKSKDVHSXULWLHV7KHFRQFHQWUDWLRQRIWKH)HSUHFXUVRUZDVVKRZQWRKDYHDPD
MRU LPSDFW RQ SDUWLFOH JURZWK DQG/L)H6L2 V\QWKHVLVHG IURP D OHVV FRQFHQWUDWHG
VROXWLRQ VKRZHG LQFUHDVHG VXUIDFH DUHD DQG HQKDQFHG HOHFWURFKHPLFDO SURSHUWLHV
/L)H6L2 V\QWKHVLVHG LQ WKLV VWXG\ ZDV LQGH[HG WR WKH PRQRFOLQLF ̟V SRO\PRUSK
ZKLOH/L)H0Q6L2ZDVSUHVHQWLQDPL[WXUHRIPRQRFOLQLF̟VDQGRUWKRUKRPELF
̞,,7KHODWWHUUHDFKHGDGLVFKDUJHFDSDFLW\RIP$KJDWDUDWHRI&+HQFH
ODUJHDPRXQWVRIERWKFDWLRQVXQGHUJRDRQHHOHFWURQUHGR[UHDFWLRQ6HYHUHFDSDFLW\
IDGLQJXSRQF\FOLQJZDVREVHUYHGVLPLODUWRWKHZHOONQRZQEHKDYLRXURI/L0Q6L2
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/DWWLFHSDUDPHWHUVRIWKHWKUHH[\OHQHDVVLVWHG/06VDPSOHV
Site x y z Atom Occ. 
Li 0.2382 0.3398 0.8540 Li+ 0.9863 
Mn on Li 0.2382 0.3398 0.8540 Mn2+ 0.0137 
Mn 0.5000 0.8329 0.8939 Mn2+ 0.70531 0.7172 
0.74473 
Si 0.0000 0.8198 -0.0835 Si4+ 1 
O1 0.2177 0.6688 0.8042 O2- 1 
O2 0.0000 0.1260 0.8422 O2- 1 
O3 0.5000 0.1699 0.7545 O2- 1 
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